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ABSTRACT OF DISSERTATION 
 
 
 
UNDERSTANDING DNA CONDENSATION BY LOW GENERATION (G0/G1) 
AND ZWITTERIONIC G4 PAMAM DENDRIMERS  
 
Cationic polymers have shown potential as gene delivery vectors due to their 
ability to condense DNA and protect it from cellular and restriction nucleases. 
Dendrimers are hyperbranched macromolecules with precisely defined molecular 
weights and highly symmetric branches stemming from a central core. The nanosize, 
tunable surface chemistries and ease of surface functionalization has made dendrimers 
an attractive alternative to conventional linear polymers for DNA delivery 
applications. The commercially available, cationic dendrimer poly(amidoamine) or 
PAMAM is the most widely studied dendrimer for use as a gene delivery vector.  
The aim of this dissertation is to provide an increased understanding of the packaging 
and forces within PAMAM–DNA complexes. 
 
In Chapter 4, we will discuss the effect of molecular chain architecture on 
DNA-DNA intermolecular forces by examining DNA condensed by low generation 
(G0 & G1) PAMAM and comparing them to comparably charged linear arginine 
peptides. Using osmotic stress coupled with X-ray scattering, we are able to determine 
the structure and forces within dendrimer-DNA complexes, or dendriplexes. We show 
that PAMAM–DNA assemblies display significantly different physical behavior than 
linear cation–DNA assemblies.  In Chapter 5, we examine the role of pH on 
condensation in these same low generation PAMAM-DNA complexes. PAMAM 
dendrimers have both terminal primary amines and internal tertiary amines with 
different pKas of approximately 9 and 6, respectively. We show changes in the pH at 
condensation greatly influence the resulting packaging as well as the resulting phase 
behavior for PAMAM dendriplexes. In Chapter 6, we examine the packaging of DNA 
by G4 PAMAM as a function of the percent zwitterionic modification. Many cationic 
polymers, including PAMAM, have shown high transfection efficiency in cell culture 
and potential for in vitro and in vivo applications, but its development is hindered by 
cytotoxicity in many cell lines and tissues. We hypothesize that zwitterionic PAMAM 
(zPAMAM) represent a new means to tune polymer-DNA interactions through 
PAMAM surface charge potentially enhancing intracellular unpackaging while 
reducing cellular toxicity. These zPAMAM complexes are currently under 
investigation for their potential as safer and more efficient materials for DNA delivery.
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Chapter 1 Background and Introduction 
 In this study, we are interested in understanding the self-assembly behavior of 
DNA condensed by highly branched, cationic PAMAM dendrimer molecules. In this 
introductory chapter, we will describe dendrimers and discuss their potential 
applications. We will then give some background on DNA condensation as well as 
discuss recent structural studies on PAMAM-DNA complexes. Lastly, we will briefly 
discuss our research motivation and introduce the specific projects described in this 
dissertation.  
1.1 Dendrimers 
Dendrimers are highly branched synthetic macromolecules which have a highly 
symmetric, tree-like geometry and a well-defined molar mass.
1,2
 The synthesis of 
dendrimers was first discovered in the late 1970s by Fritz Vogtle and early 1980s by 
Donald Tomalia and coworkers and the research lab of George Newkome. Dendrimers 
are macromolecules grown in a highly controlled, step-wise manner consisting of 
symmetric branching units built around a small molecule core. Dendrimers consist of 
three central components: a central core, interior dendritic branch structures and 
exterior functional surface groups. Typically dendrimers are grown through an 
iterative process resulting in a new generation of dendrimer. Increasing generations 
result in dendrimers with larger molecular weights, larger molecule diameters, and 
twice the number of reactive surface groups of the proceeding generation. One of the 
first dendrimers to be synthesized was the water soluble polyamidoamine (PAMAM), 
referred to as Starburst polymers by Tomalia and coworkers, which consists of 
repetitively branched subunits containing amide and amine functionalities.
3
 PAMAM 
is synthesized by successive reactions of an amine to methyl acrylate by Michael’s 
addition followed by amidation with ethylene diamine resulting in amines capable of 
further reaction or generation growth. The structure of zero and first generation (G0 
and G1) PAMAM are shown in Figure 1.1 where ethylene diamine was used as the 
core material. As depicted in Figure 1.1, PAMAM consists of dendritic branches 
containing tertiary amines as well as functional surface groups consisting of primary 
  
2 
 
amines. At physiological pH, the PAMAM molecules are positively charged due 
primarily to the primary amines. Polyionic dendrimers, such as PAMAM, has varying 
changes in size, shape and molecule flexibility as a function of increasing generation  
 
 
Figure 1.1 The structure of G0 (left) and G1 (right) PAMAM dendrimers with 
ethylenediamine cores. 
 
number. Dendrimer size and charge are systematically tunable through generation 
number and control of the surface functional chemistry. The PAMAM dendrimer 
family has sizes and contours that closely match many important proteins and 
biologically important assemblies as shown in Figure 1.2 below. For example, 
compared to proteins, G3-G5 PAMAM dendrimers built from ammonia core 
molecules have sizes and shapes similar to insulin (~30 Å), cytochrome C (~40 Å) 
and hemoglobin (~55 Å), respectively. Larger generation PAMAM have sizes 
comparable to other bioassemblies including the lipid bilayer (G5 PAMAM) or 
DNA-histone complex (G7 PAMAM). Table1.1 shows the basic physical properties 
for commercially available G0-G10 PAMAM dendrimers (Dendritech) with ethylene 
diamine cores. As shown, with each increasing generation number, there is an 
approximate doubling of the dendrimer molar mass as well as doubling in the number 
  
3 
 
of surface functional groups. For unmodified PAMAM, these surface groups are 
primary amines. 
 
Figure 1.2 A dimensionally scaled comparison of a series of PAMAM dendrimers 
(G4-G7) with a variety of comparably sized biological assemblies. 
4
  (Reprint from 
reference: Esfand, R. et al. Drug Discovery Today 2001, 6, Page:430.)  
 
 
 
Table 1.1 Physical data for PAMAM dendrimers (ethylenediamine core) (Data from 
Dendritech®).  G0, G1 and G4 PAMAM were used in this work. 
Generation 
MW  
(g∙mol-1) 
Primary amines Total amines Measured diameter (Å) 
0 517 4 6 15 
1 1,430 8 14 22 
2 3,256 16 30 29 
3 6,909 32 62 36 
4 14,215 64 126 45 
5 28,826 128 254 54 
6 58,048 256 510 67 
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1.2 Applications of Dendrimers   
Dendrimers are man-made macromolecules that consist of three critical 
architectural features: (1) a surface containing a high concentration of potentially 
reactive functional groups (2) interior void volumes created by the multiple branched 
units of monomers and (3) a core to which the dendrons are attached. Dendrimers 
have several unique properties compared to most synthetic macromolecules and their 
unique structure and size range have a great impact on their physical and chemical 
properties. These properties include a monodisperse molecular weight, tunable size, 
variable concentration of functional surface groups and the presence of internal 
cavities for a wide range of applications. Tailoring the functional surface groups also 
allows for the further varying of the dendrimer solubility, nonimmunegenicity and 
biocompatibility making them attractive candidates for biomedical and 
nanotechnological applications.   
In recent years, the applications of dendrimers have received a great deal of 
attention. Dendrimers may interact with small guest molecules either at the surface 
(exo-complexation) or in the dendrimer internal void space (endo-complexation) 
which makes them useful candidates for sensors. For example, recent work has 
highlighted the potential of dendrimers to detect heavy metals in the environment. 
5
 
Commercially available PAMAM and PPI (polypropyleneimine) dendrimers have 
been used as MRI contrast agents to improve clinical diagnostics 
6
 or used in 
conjunction with transfection agents to label and isolate particular cells. 
7
 Boronated 
PAMAM have shown potential as efficient anti-cancer reagents 
8
 and phosphorus 
containing dendrimers have shown anti-prion activity. 
9
 Dendrimers are promising 
candidates for drug delivery due to the ability to modify the cavities inside the 
dendritic structure to incorporate hydrophobic and hydrophilic drugs. 
10-12
 It has even 
been suggested that high generation dendrimers, comparable in size to histones, may 
be useful systems for the study of the regulation of gene expression in vitro.
13,14
 
Unlike real proteins, a significant advantage of dendrimers over real biological system 
is their robustness to a wide range of environments. 
  
5 
 
In non-viral gene therapy, synthetic cationic vectors, such as polyethyleneimine 
(PEI), are used to form nanoparticles through electrostatically interacting with DNA 
or RNA. The gene delivery vectors are often polymeric and must be designed to 
overcome a number of extracellular barriers to achieve successful gene delivery. 
Successful materials must bind and protect the DNA, form sufficiently small and 
stable nanoparticles for cell internalization, mediate endocytotic vesicle escape as 
well as ultimately release the nucleic acid cargo for transcription.
13-16
 A schematic of 
the processes involved in intracellular polyplex trafficking is shown in Figure 1.3. The 
precise chemistry and high tunability of cationic dendrimers, such as PAMAM and 
PPI, make them promising candidates for engineering new materials with improved 
structure-function activities. Compared to other non-viral vectors, PAMAM has 
shown lower toxicity and a lower chance to induce humoral immune responses.
17
 
PAMAM has also been shown effective for siRNA delivery into cells.
18
 The high 
variability and precision in chemical composition available in dendrimers makes them 
promising candidates for understanding structure-function activities to better engineer 
materials capable of optimizing the various steps in successful gene delivery. 
 
 
Figure 1.3 The multi-step processes for nucleic acid delivery to cells. 
19
 (Reprint from 
reference: Tian, W. D. et al. Chem Soc Rev 2013, 42. 705). 
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1.3 DNA Condensation 
In nature, DNA exists primarily in a highly condensed state. DNA packaging in 
the cell is typically protein mediated using, for example, histones (in eukaryotic nuclei) 
or protamines (in sperm cells). The scale of this compaction is immense. In human 
cells, nearly 2 meters of DNA is compacted within its roughly 10 μm size. Packaged 
DNA is ubiquitous in nature and the laboratory with examples ranging from viruses, 
sperm cells, bacterial nucleoids and gene therapy constructs.
15,20
 Generally in the 
presence of cations of charge grater than 3, DNA in vitro spontaneously condenses. 
Usually, DNA condensation is defined as the collapse of extended DNA chains into 
compact, orderly particles containing only one or a few molecules.
20
 In aqueous 
solutions, DNA in vitro spontaneously condenses in the presence of counterions with 
charge 3+ or higher. The resulting polycation: DNA assemblies often form toroidal or 
rod-like particles typically with DNA helices arranged parallel to one another on a 
hexagonal lattice.
21
     
Upon condensation, the resulting compacted DNA structures have well defined 
equilibrium surface separations. These surface separations between DNA helices 
typically range from 5–15 Å of water between hexagonally packaged DNA. This 
surface separation represents a balance of cation-mediated attractive and repulsive 
forces. Despite significant work in recent years, the phenomena of DNA condensation 
remains poorly understood. There remains a need for direct knowledge of the 
underlying thermodynamic forces driving DNA condensation. The failure of classical 
Poisson–Boltzmann (PB) mean-field theory, assuming simple electrostatic attraction 
between cation and DNA, to fully explain the observed attractions observed in DNA 
condensation has inspired the development of several new theories including 
correlated counterions, screened Debye-Hückel interactions between helical 
molecules and water-structuring forces.
22-25
 To account for the attractions driving 
DNA condensation, these theories require correlations of charges or water structuring.  
The recently proposed electrostatic zipper model provides a convenient model for 
discussing correlations and attractions (Figure 1.4). They propose binding of cationic 
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charges in the major or the minor grooves of DNA, thus leading to attractive 
interhelical correlations between apposing helices. The continued development of 
these and other theories has highlighted the need for more experimental 
measurements that can help limit and distinguish between theories. 
 
 
 
Figure 1.4 The electrostatic zipper model used to explain DNA condensation by 
linear polycations. This model suggests that the polycations work like a “zipper” to 
fasten DNA together by binding into DNA grooves. (Reprint from reference: 
Kornyshev, A. A.et al. Physical Review Letters 1999, 82, page 4138.)  
 
 Another model proposed to explain to explain DNA condensation involves the 
structuring of water molecules.
22,25
 Since the double helices come very closely to each 
other in the condensed phase, this leads to the restructuring of water molecules along 
the DNA giving rise to the so-called hydration forces. Each water molecule represents 
a dipole, which would predominantly orient in the solution perpendicular to the 
charged surface. This water structuring can occur between helices so as to be 
attractive or repulsive (Figure 1.5). Despite different physical origins, both the 
electrostatic zipper and hydration models predict similar decay lengths and a constant 
ratio with the long-range attractive force being two times the short range repulsive 
force. At equilibrium, the observed DNA-DNA spacing represents a balance between 
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the attractive and repulsive forces within the DNA condensate. 
 
Figure 1.5 The hydration model used to explain DNA condensation. To get DNA 
molecules closer, the water needs to be rearranged which produces a stronger force 
than van der Waals force. (Reprint from reference: Li, J. Q.et al. Nanomaterials-Basel 
2015, 5, Page 250.)   
 
1.4 Structure of PAMAM-DNA Complexes 
Hyperbranched polycations, such as polycationic dendrimers, presumably would 
not be able to bind to DNA and correlate their charges with the phosphates of 
adjoining DNA in the same manner as linear cations. Other binding modes, such as 
bridging interactions between DNA double helices, may be necessary to induce 
condensation with dendrimers. While no studies on the intermolecular forces of 
PAMAM-DNA have been previously reported, there have been some SAXS studies to 
investigate internal structures primarily in complexes of DNA condensed by high 
generation PAMAM and PPI dendrimer.
15,26,27
 Depending on the dendrimer chemistry 
and generation, tetragonal and hexagonally packaged columnar mesophases, as well 
as DNA wrapping, have been reported in dendrimer–DNA complexes mostly 
determine by solution small angle X-ray scattering (SAXS) experiments. In contrast, 
TEM studies primarily observe toroidal or rod-like particles similar to linear 
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cation-DNA complexes where DNA was observed to be hexagonally packaged.   
In our early studies, we focused on low generation PAMAM-DNA (Chapters 4 
and 5) but in Chapter 6 will discuss G4-PAMAM: DNA complexes. Some structural 
studies of G4-PAMAM were previously reported examining internal structure under a 
variety of different condensing conditions (Figure 1.6).
28-30
They report that the 
internal structure of G4 PAMAM dendriplexes is primarily affected by three factors: (i) 
degree of protonation of amine groups in PAMAM molecules (dp), (ii) the ratio 
between protonated amine groups in PAMAM dendrimer and phosphate groups in 
DNA (N/P charge ratio), and (iii) DNA concentration. They report square columnar 
phase, hexagonally-packed DNA superhelices, as well as beads on string structures 
thought to be similar to DNA wrapping around histones are all observed depending on 
the condensing conditions. Yang et al. propose that BOS structure are formed due to a 
balance of the entropy gain upon counterions release into solution by the energy 
required to bend DNA.
28
 The complex structure condensed by PAMAM also shows 
time dependence. Elsayed et al. visualized the structure changes of G4-PAMAM 
condensed siRNA at 20min and 24hour by AFM. They argue this is because the 
condensation process is biphasic: a rapid exothermic binding followed by a slow 
endothermic formation of highly packaged structure.
18
 siRNA, while quite short, is 
also double stranded like dsDNA and it was proposed this two-step process may occur 
in PAMAM: DNA as well. The formation of kinetic, non-equilibrium states may also 
explain the variety of observed interior structures in dendriplexes. 
Chapter 6 will focus on a hypothesis to incorporate zwitterionic moieties into 
PAMAM molecules to form zPAMAM as a potential improved transfection agent as 
described further in the introduction to the chapter. Transfection efficacy and cellular 
toxicity has not been evaluated yet. The focus of chapter 6 is to examine the effect of 
zPAMAM on the resulting structure and phase behavior in dendriplexes and compare 
it to the unmodified G4 PAMAM-DNA assemblies. In Chapter 7, we will provide a 
summary for the entire dissertation as well as suggest future perspectives. 
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Figure 1.6 Proposed structures of Dendrimer:DNA complexes including (a) square 
columnar package, (b) beads-on-string structure, and (c) hexagonally packaged 
structure. (Reprint from reference: Yang, C.-C.et al. Macromolecules 2014, 47, 
Page:3125.) 
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Chapter 2 Small Angle X-ray Scattering (SAXS) 
Small-angle X-ray scattering (SAXS), either on its own measurement or coupled 
with measurement of osmotic pressure, is the primary analytical tool used throughout 
this work. This chapter provides a brief overview of SAXS. 
2.1 Introduction 
SAXS is a variant of conventional X-ray scattering in which measurements are 
restricted to small diffraction angles, close to the incident X-ray beam. The scattered 
intensity at small angles provides information on the size, shape and internal structure 
of particles. SAXS is a widely used method for the study of macromolecules as it 
provides information covering lengths scales from approximately 5-200 
nanometers.
31-35
 A major advantage of SAXS, compared to other structural methods, 
is its versatility with respect to the sample preparation. SAXS can be used to measure 
a wide range of samples including solids, dry powders, liquid crystals, colloidal 
solutions, and aqueous solutions.
32,34,36
 The ability to measure scattering from 
solutions is particularly important since many macromolecules, especially in biology, 
are not capable of being crystallized. Another advantage is that scattering methods 
yield structural information that averages over all the material the X-ray beam passes 
through, and is therefore consistent with the bulk properties of a sample. This is in 
contrast to direct imaging methods, such as transmission electron microscopy (TEM), 
which can give structural information but is limited to localized regions within a 
sample. Chapter 3 will discuss in more detail the method of osmotic pressure and the 
measurement of intermolecular forces within the condensed DNA phase through 
coupling of SAXS and osmotic pressure.
25,37
  
2.2 Production of X-rays 
X-rays are a form of short-wavelength (typically 0.1Å to 100 Å) electromagnetic 
radiation. Monochromatic X-rays (/≈ 10-3 ~ 10-4) with wavelengths in the 
approximate range of 0.5−2.5 Å are especially useful to probe the structure of 
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materials because these wavelengths are comparable to the interatomic distances in 
chemical bonds (~1 Å).
38
 Throughout this work we have used the most energetic 
characteristic X-rays from a copper target anode, the K emission, which results in a 
wavelength of 1.54 Å.
38
 
For a laboratory X-ray source, X-rays are produced when electrons of sufficient 
energy impinge on a suitable target material. In brief, an electrical current is passed 
through a metal filament (the cathode). This current heats the filament wire, exciting 
electrons out of the filament. These electrons are then accelerated by an applied field 
(typically 45-60 kV) and used to bombard a metal target anode. The choice of metal 
for the target anode determines the X-ray energies. Upon impacting the target, the 
electrons rapidly decelerate, which produces a broad-spectrum emission named 
'bremstrahlung' or 'braking radiation'. In addition to this bremstrahlung, some 
accelerated electrons will eject electrons from the core of atoms in the target anode.  
Relaxation of higher-energy electrons into these vacancies results in the release of a 
photon with a characteristic wavelength determined by the energy level difference.  
In our set-up, the filament is operated with 20 mA current and 45 kV potential 
difference between cathode and anode. Since X-rays are a form of light, they display a 
wave-particle duality.
39
 Certain properties of X-rays are best understood by 
considering them as a stream of photons. For example, flux describes the strength of 
the emitted radiation and is defined as the number of photons passing through a unit 
area per second.
39
  
2.3 X-ray Scattering 
When dealing with X-rays, there are two terminologies that need to be 
distinguished: diffraction and scattering. Diffraction of X-rays results from a 
combination of two phenomena: (1) the scattering of radiation by individual electrons 
and (2) interference between the scattered waves from the primary radiation.
39
  
Scattering is primarily concerned with the first phenomena.
39
 However, in 
experiments, these two terminologies are sometimes taken to have the same meaning.  
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In this work 'diffraction' is used to describe scattering from crystals, while 'scattering' 
is used to describe experiments on materials that are not true crystals. On occasion the 
term 'wide-angle scattering', or 'WAXS' is used to mean diffraction, especially from 
crystalline materials.
39
   
The fundamental phenomena underlying all types of small-angle scattering 
experiments are the elastic scattering of electromagnetic radiation by electrons and the 
subsequent interference of the scattered photons. Upon interaction with the sample, a 
small portion of the photons are scattered elastically by electrons in the sample and 
these scattered photons then interfere with each other following classic 
electromagnetic phenomena. In SAXS, the structure of a material is probed when a 
beam of monochromatic X-rays are directed on a (semi)crystalline material and the 
scattered X-rays are observed at small angles (within a few degrees) with respect to 
the primary beam.
38
 Since X-rays are electromagnetic radiation, they will interact 
with electrons in the sample. From the Thomson formula, the scattered beam flux is 
inversely proportional to the magnitude of the square of the electron mass (𝐼 ∝
1
𝑚𝑒
2).
39
 
The electron density distribution is dependent on the type and arrangement of atoms. 
In single-crystal X-ray diffraction, by measuring the distribution and flux of these 
scattered beams, the electron density within the samples can be reconstructed in a 
three-dimensional electron density map. Thus, in a single crystal analysis it is possible 
to determine the mean position of the atoms and therefore identify chemical bonds. In 
this manner, X-ray scattering is used to determine the structure of crystalline materials.  
For non-crystalline or semi-crystalline materials, the structural information is 
somewhat less definitive and precise, but important structural information can still be 
obtained. 
Conventional crystals are regular, repeating three-dimensional stacks of a 
well-defined chemical motif. The unit cell may be defined in more than one way, so 
the particular unit cell used for any given crystal is governed by a set of conventional 
rules. The important point is that the electron density within the crystal is periodic in 
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three dimensions, and thus forms a specific, well-organized pattern that is unique to 
that particular crystal. As a result of the periodicity, crystals can be described by sets 
of crystallographic planes of electron density. Under certain geometric conditions, 
X-rays scattered by parallel crystallographic planes, as shown in Figure 2.1, will 
constructively interfere, so that the scatter X-rays form a diffracted beam. When the 
X-ray plane wave interacts with an electron (O) in the crystal, the incoming wave AO 
will be diffracted to the OB direction. The same thing will happen for electron O’.  
The X-ray beams travel different lengths, with the wave passing through O’ being 
longer than that through O. In other words, A’O’ + O’B’ is longer than AO + BO.  
The difference of the length is 2𝑑ℎ𝑘𝑙 sin 𝜃. The interference is constructive only when 
the scattered X-rays obey Bragg’s law: 𝑛𝜆 = 2dsin 𝜃. In this manner, the spacing d 
between parallel crystallographic planes can be determined from the diffraction 
pattern of a crystal, where 2θ is the scattering angle, n is an integer and λ is the 
wavelength of the incoming X-ray radiation.
40
 The lattice spacing, d, is inversely 
proportional to sinθ, meaning that the larger the repeat distance, the smaller the angle 
 
 
 
Figure 2.1 Scattering of X-rays by well-organized structures. The incoming X-ray 
beam (from the upper left) will be scattered by electrons and reradiate a small portion 
of its flux following Bragg’s law. (Reprinted from 
https://en.wikipedia.org/wiki/X-ray_crystallography.) 
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at which scattering is observed. In single crystals, the directions observed for 
diffraction events can be used to accurately determine the lattice parameters of the 
unit cell. The unit cell of a crystal in real space consists of three repeat vectors (a,b,c) 
and the three angles () between them.39,40 In diffraction, or reciprocal space, this 
indexing of the unit cell allows us to define a series of crystallographic planes denoted 
as (h k l). Measurement of the Bragg peak positions thus allows the determination of 
the shape and size of the unit cell of the crystal. In powder diffraction, the regular, 
repeating nature of a single crystal is rotationally scrambled, such that discrete 
diffraction maxima are uniformly spread out into 'cones' of diffraction at well-defined 
2 angle. Diffraction from semi-crystalline materials also leads to rotational smearing 
of the diffraction events, to an extent that depends upon the degree of crystallinity.  
Additional broadening of diffraction in 2 occurs as the size of crystalline (or 
semi-crystalline) domains within a sample decreases. 
SAXS is typically used to study structure of size on the order of 1-200 nm.  
Using Bragg’s law, we can calculate that for lattice spacings (d) of a few angstroms 
and 𝜆 = 1 Å, the scattering angle 2𝜃 is typically about 20°. Ford = 100 Å and the 
same wavelength, we would calculate the scattering angle to be about 0.6°. Therefore, 
in SAXS typically scattering angles of 2𝜃 less than 2° are used. SAXS can be 
adopted to four models: a dilute particulate system, a non-particulate two-phase 
system, a periodic system, and a soluble blend system.
41
 For our system of cation 
condensed DNA, the system contains periodic structural features and is thus suitable 
for analysis by SAXS. However, these structural motifs are rotationally scrambled 
and tend to exhibit a range of domain sizes. Thus diffraction features from the DNA 
assemblies in this work typically take the form of diffuse rings with radius that is 
characteristic of the particular sample. 
2.4 Experimental Setup 
Figure 2.2 shows the in-house setup used for sample examination. The X-ray 
source consists of graded-multilayer focused CuKα radiation (1.54 Å) from a Nonius 
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FR-591 rotating-anode fine-focus X-ray generator operated at 45 kV and 20 mA. The 
primary purpose of this machine is conventional small-molecule crystallography, so a 
number of changes were required for SAXS work. The condensed DNA samples are 
not 'crystals' in the normal sense of the word, and thus cannot be handled using 
normal (i.e., crystal sample) mounting techniques. For DNA assemblies, a special 
sample holder was designed, as shown in Figure 2.3. Samples are sealed in a cell with 
a bath of buffer solution to maintain equilibrium. The cell inner components are made 
of Teflon. Samples are placed in the center of the circle in Figure 2.3B, then the 
sample is sealed with Mylar films on both sides. Using one chip C on each side, a 
sandwich is made that can be directly inserted into the stainless steel sample holder, 
as shown in Figure 2.3A. This device holds the sample in the path of the X-ray beam. 
To eliminate scattering of X-rays by air, a cylindrical box filled with helium gas with 
front/back mylar windows is placed in the flight path from the sample to the detector.  
This box is held on a swinging arm to allow rapid and precise movement of the 
helium box into the correct position. A metal (lead) beam stop is placed in the center 
of the rear mylar window of the box to prevent incident X-ray radiation from directly 
Figure 2.2 Experimental in-house setup for SAXS at the University of Kentucky. 
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Figure 2.3 Components of the sample mount used for SAXS. (A) the stainless steel 
sample holder. (B) and (C) show the teflon chips used to hold the samples like a 
sandwich. The sample is placed in the center of the circle in chip B with excess bath 
solution to ensure that the sample remains at equilibrium. Each side of chip B is then 
sealed by Mylar membranes, which are then sandwiched tightly between two of the C 
chips. This prevents the bath solution from leaking when placed within the sample 
holder, A.                             
 
 
hitting the detector. Diffraction patterns are recorded by a Bruker SMART-6000 CCD 
detector, which has a phosphor optimized for CuKα radiation. Diffraction patterns are 
analyzed using the software packages Fit2D (reference) and Origin (reference) to 
extract parameters of structural importance. In most cases, DNA assemblies give 
scattering similar to a diffuse powder diffraction pattern, i.e., broad rings. The radius 
of these rings, or rather their 2 Bragg angle, allows us to determine the Bragg 
d-spacings relevant for the condensed DNA samples. The interhelical spacings of the 
condensed DNA can then be calculated using simple geometrical relationships. 
                                                
A                                                B                                           C 
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2.5 SAXS Calibration 
To accurately and reproducibly determine the periodic spacings of the material of 
interest, it is vital to accurately determine the sample to detector distance for the 
SAXS instrument.
41
 For small-angle measurements, a suitable standard material for 
calibration must fulfill certain critera. Such a standard must have a well-defined 
diffraction peak below the 2𝜃 values of interest in the DNA samples. It must be 
stable under ambient conditions and when exposed to X-rays, safe to handle, and 
straightforward to prepare.
42
 In this work, silver behenate (AgBeh, 
CH3(CH2)20COO∙Ag) powder was used as a standard. AgBeh is a silver salt with a 22 
carbon carboxylic acid, which forms regular plate-like crystals with the lattice spacing 
58.38 Å. Previously it was shown by multiple independent users that AgBeh powder 
has a set of well-defined (0 0 𝑙) diffraction peaks at 2𝜃 angles down to 1.5° when 
using CuKα radiation.42,43 A typical X-ray diffraction pattern for AgBeh is shown in 
Figure 2.4. We can clearly see a set of scattering peaks corresponding to (0 0 𝑙) 
reflections. Within AgBeh powder, the plate-like crystallites are randomly oriented in 
all directions, resulting in the observed circular scattering patterns.   
Using the software Fit2D, we can find the center of these concentric circles, and 
thus locate the incident beam position. Radial integration of the scattered intensity 
from the center of these concentric circles allows for the 1D plotting of the scattering 
intensity curve shown in Figure 2.5. The presence of relatively sharp scattering peaks 
indicates the presence of a crystalline material. If the scattering is from a perfect 
crystal, the peak should be infinitely sharp. Bragg peak widths and overall profiles are 
determined by finite-size effects, defects and other distortions within the lattice.
39
 The 
peaks are well described by a Gaussian distribution and fits to the peaks are used to 
determine the center position of the Bragg peaks.  
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Figure 2.4 SAXS diffraction pattern of AgBeh standard shown by Fit2D.  
 
As shown in Figure 2.5, seven Bragg peaks are observed given the 
sample-to-detector distance used for the in-house SAXS setup. Each peak corresponds 
to one of the concentric rings in Figure 2.4. Integration results are analyzed using 
Origin plotting software to determine the center position of each Bragg peak, which 
corresponds to the periodic spacings of the AgBeh crystal. Since these spacings have 
been previously reported, we can use the peak positions to calculate the 
sample-to-detector distance for the instrument. Figure 2.6 shows the basic geometry 
of a typical scattering setup. As depicted, we can determine the sample to detector 
distance (𝐿) with simple geometry from the following relationship: tan(2𝜃) = 𝑅 𝐿⁄ , 
where 2θ is the scattering angle, 𝑅 is the distance measured on the detector of the 
Bragg reflection. 2θ can be directly calculated for AgBeh for each hkl reflection as 
shown in Table 2.1. To accurately determine L, we calculate L for each of the seven 
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Bragg peaks observed at the detector and take the average of the seven calculated 
values as our sample to detector distance. In this work, L=23.2±0.005 cm. 
 
   
Figure 2.5 Small-angle X-ray scattering profile of silver behenate. Seven Bragg 
reflections are observed for the sample-to-detector distance used for the in-house 
setup. 
 
 
 
Figure 2.6 Basic geometry of scattering involving the incident beam, the sample, the 
scattered beam, and the detector. The scattering angle is 2θ.  
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Table 2.1 The scattering angles and the 𝑑-spacings of AgBeh obtained by CuKα 
radiation analysis. (Reprint from reference Lee, B. et al. J. Appl. Cryst. 2006. 39, 
Page 750.) 
hkl 𝒅(X) 2𝜽° 
001 58.380 1.513 
002 29.190 3.027 
003 19.460 4.537 
004 14.595 6.051 
005 11.676 7.565 
006 9.730 9.081 
007 8.340 10.607 
008 7.298 12.128 
009 6.487 13.651 
 
2.6 SAXS of Condensed DNA Samples 
When DNA is condensed by linear polycations (typically of charge +3 and 
higher), it self-assembles into a well-organized structure. DNA packaging within this 
condensed state is typically hexagonal; consistent with the lowest free-energy state for 
the packing of rods.
15,16
 Unoriented samples typically yield a uniform ring pattern on 
the 2D detector, which is radially averaged to give the typical plots of diffracted 
intensity vs. scattering vector Q= (4𝜋 𝜆⁄ ) sin 𝜃, where 2𝜃 is the scattering angle.  
Using Bragg’s equation, we can calculate the corresponding Bragg spacing from the 
observed scattering vector. Using Fit2D, we can calculate the scattering intensity 
profiles for our DNA condensates. A typical scattering profile is shown in Figure 2.9 
for a polycation-DNA complex. We then use Origin software, to determine the 
average peak position for the observed reflections. The scattering vector Q 
corresponds to the maximum of the scattering and is inversely proportional to d. 𝐷𝐵𝑟 
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is then simply calculated as 𝐷𝐵𝑟 = 2𝜋 𝑄⁄ .  For DNA in a hexagonal columnar 
structure, we can then calculate the average DNA-DNA spacing, or interhelical 
spacing, as simply 𝐷𝑖𝑛𝑡 = (2𝐷𝐵𝑟) √3⁄ .  Using simple geometry it can also be shown 
that if DNA is condensed in a square columnar structure, the corresponding 
interhelical spacing is 𝐷𝑖𝑛𝑡 = √2𝐷𝐵𝑟.  
 
 
 
Figure 2.7 Sketch of the condensed DNA and resulting diffraction pattern as 
measured by SAXS. 
 
 
In our studies, we observe scattering consistent with hexagonal packaging in low 
generation PAMAM/DNA complexes, similar to linear cation-DNA complexes; as 
discussed further in Chapters 4 and 5. Other studies using high generation PAMAM 
(often G6 and up) to condense DNA have reported other lattice types, including 
square columnar and 'beads-on-string' type structures.
17,18
 In Chapter 6, we use G4 
PAMAM to condense DNA. For the types of samples encountered in this work, 
typically only one Bragg reflection is observed, which is insufficient for full lattice 
determination. Therefore, we will discuss only the Bragg spacing, DBr for the samples, 
as this is independent of the lattice.  
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Figure 2.8 (left) A typical 2-D SAXS pattern obtained from cation condensed DNA.  
The radius of the ring on the left gives the Bragg spacing (𝐷𝐵𝑟), i.e., the spacing 
between packed layers of the condensed DNA. (right) Cartoon depiction of the 
hexagonal packaging of DNA rods shown end on showing the geometric relationship 
between 𝐷𝐵𝑟 and the interhelical DNA spacing 𝐷𝑖𝑛𝑡. 
 
 
Figure 2.9 Typical SAXS signal of DNA complexes. The intensity scattering is 
shown as discrete Bragg peaks.   
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Chapter 3 Osmotic Pressure and Force Study 
3.1 Theory of Osmotic Pressure 
Osmosis is the flow of solvent through a semipermeable membrane from a pure or 
dilute solvent to a more concentrated solution until the concentrations across the 
membrane are equal. In biology, cell membranes of plants and animals tend to be 
permeable to water and other small molecules. Therefore osmotic flow plays an 
essential role in many physiological processes for living organisms.
44-46
 Osmosis can 
be illustrated as shown in Figure 3.1. Here we have two solutions containing different 
concentrations of solutes separated by a semi-permeable membrane. The large solute 
molecules are not able to pass through the membrane but water and small molecules 
can redistribute themselves across the membrane. This process will continue until the 
chemical potentials of the two phases are equal. Since the system is open, the 
solutions can change in volume by changing vertical height.   
 
 
Figure 3.1 Illustration of osmosis. (A) two solutions of different solute concentrations 
are separated by a semipermeable membrane. The semipermeable membrane allows 
solvent and small molecules to pass through it but prevents passage of the large solute 
molecules. (B) at equilibrium, the fluid level rises until the back pressure equals the 
osmotic pressure which occurs when the concentration of solutions on both sides are 
the same. 
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Due to osmosis, the height of the lower concentration side decreases while the 
height of the higher concentration side increases.
47
 The chemical potential changes 
with the concentration changes for both solutions. Equilibrium will occur when 
chemical potentials are the same on both sides of the semipermeable membrane. 
When an external pressure applied to the solution in order to stop the osmosis of 
solvent across the semipermeable membrane into the concentrated solution, this 
external pressure may be defined as the osmotic pressure.     
Jacobus van't Hoff analyzed the phenomenon of osmotic pressure and first 
proposed a law showing the relationship between osmotic pressure and the 
concentration in solution. He deduced the mathematical expression for osmotic 
pressure from pure water and salt solution under the condition of osmotic equilibrium, 
i.e. when the chemical potential of solvent on both sides of the membrane is equal. 
The mathematic equation for osmotic pressure is: 
𝛱 = 𝑀𝑅𝑇       (3.1) 
where 𝛱 is osmotic pressure, 𝑀is molarity, 𝑅 is gas constant and 𝑇 is temperature 
with unit 𝐾. Later a simple extension has did to this equation and made it more 
accurate for all kinds of solutions, 
                                                                   𝛱 = 𝑖𝑀𝑅𝑇      (3.2) 
where 𝑖 is a dimensionless factor, van’t Hoff factor, which represents how many 
kinds of particles dissociated when the solute dissolved in solvent.
47,48
 From the 
extended van’s Hoff law, we can clearly see that the osmotic pressure is only related 
to the number of solute particles in solution, regardless of the particle size, density, 
configuration or electrical charge. Osmotic pressure is therefore one of the very few 
physical properties of a solution that is a colligative property dependent only on the 
number of particles in solution.
47,48
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3.2 Vapor Pressure Osmometer 
One of the most difficult and tedious aspect of using osmotic pressure, or osmotic 
stress, is getting accurate osmotic pressures of the stressing polymer solutions. Here, 
we discuss the use of a Wescor Vapor Pressure Osmometer (Model 5600) for the 
determination of osmolality in our stressing polymer solutions. Osmolality is a 
measure of the moles (or osmoles) of solute per kilogram of solvent and is typically 
expressed as mol/kg or m. Since the amount of solvent will remain constant regardless 
of changes in temperature and pressure, osmolality is easier to evaluate and typically 
preferred is commercial osmometers to measurements of osmolarity or osmoles of 
solute per liter of solution.  
3.2.1 Theory of Operation 
An osmometer is a device for measuring the osmotic strength of a solution, colloid, 
or compound. Traditionally, the direct way to measure osmotic pressure was a 
membrane osmometer using a semipermeable membrane as described previously to 
measure the pressure difference across the membrane. Membrane osmometry 
however is limited by the lack of a perfect semi-permeable membrane and typically 
requires larger volumes of sample and can be time consuming and difficult to operate. 
This has led to a need for means to accurately measure osmotic pressure indirectly. 
Two other commercially available osmometers leverage the measurement of 
another colligative property to indirectly determine the osmotic strength of the 
solution of interest. In particular, they are freezing point osmometers and vapor 
pressure osmometers which determine the osmotic strength of solution by determining 
the freezing point depression or reduction in vapor pressure, respectively. In a single 
solvent solution, these colligative properties are directly related to the total number of 
solute particles in solution.
49
 Osmolality is determined by comparing the basic 
colligative properties of the solution of interest to the basic colligative property of 
pure solvent. Freezing point osmometry (FPO) is rapid and inexpensive and requires 
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only small sample sizes (nL to L range) but is limited to samples of low viscosity. 
Vapor pressure osmometry also is less accurate than FPO but is rapid and inexpensive 
and can be used on a broader range of viscosities. Our VPO uses a new technology 
based on the measurement of vapor pressure depression by hygrometry using a 
thermocouple. The vapor pressure depression method enjoys a significant advantage 
over the measurement of freezing point depression or boiling point elevation is that it 
can be performed without the need to change the physical state of the specimen.
49
   
Typically in our experiments, 10 μl of the solution to be examined is pipetted onto 
a small, solute-free paper disc. This paper disc is then inserted into a sample chamber 
on the VPO and sealed. A thermocouple hygrometer is incorporated within the 
chamber. This thermocouple is a sensitive temperature sensor that operates on the 
basic of a thermal energy balancing principle to measure the dew point temperature 
depression within the chamber. The dew point temperature depression is itself a 
colligative property of the solution of interest and directly related to the solution 
vapor pressure.  
3.2.2 Operation Procedure to Measure Osmotic Pressure  
To better understand the vapor osmometers measurements, we will focus here on 
explaining each step of the operation of the instrument. There are four individual steps 
occurring inside the osmometers chamber for any measurement. In the first step, the 
sample is introduced into the chamber and the chamber is closed. The sensing element 
in the instrument is a fine wire thermocouple hydrometer. The sensor is suspended in 
a metal mount which forms a closed chamber with the sample holder enclosing the 
specimen. Upon loading, there will generally be some temperature difference between 
the sample and the sample chamber. Temperature equilibrium occurs within a few 
seconds. For many samples, this time may be sufficient for the vapor pressure to also 
reach equilibrium. At vapor pressure equilibration, the rate for water change into the 
vapor is the same as the rate for the reverse process. After equilibration, step two is 
cooling. During cooling, an electric current is passed through the thermocouple 
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reducing the temperature by means of the Peltier effect to a temperature below the 
dew point. At this point, water condenses from the air in the chamber to form 
microscopic droplets upon the thermocouple surface. In step three, we see dew point 
convergence. Thermal energy is pumped from the thermocouple via Peltier cooling 
electronically to cancel out the heat influx to the thermocouple by conduction, 
convection and radiation. In this way, the temperature of the thermocouple is 
controlled exclusively by the water condensing upon its surface. The temperature of 
the thermocouple that was depressed below the dew point in step 2 now rises 
asymptotically toward the dew point as water continues to condense. When the 
temperature of the thermocouple reaches the dew point, condensation ceases and the 
thermocouple temperature stabilizes. The temperature difference between ambient 
and the measured dew point is the dew point depression, which is directly related to 
the solution vapor pressure. Dew point depression is measured with a resolution of 
0.00031℃.49 In the fourth and final step, the final results are read and displayed on the 
screen. Results are given in the SI units of osmolality – mmol/kg. After measurement, 
it is critical to thoroughly clean the sample holder of all sample material using 
lint-free tissue and a cotton-tipped applicator before moving to the next measurement. 
Contamination can make it impossible to calibrate the osmometer or produce accurate 
osmolality measurements. 
3.2.3 Temperature versus Osmolality 
Figure 3.2 is a plot of thermocouple temperature as a function of time through the 
four step operating procedure described in 3.2.2. beginning with chamber closure 
(time = 0) and then proceeding through each of the four program steps described 
above TA is the ambient temperature in the chamber. TD is the dew point temperature 
and ∆T is the dew point temperature depression. The final output is proportional to 
∆T. Assuming the chamber remains closed after the osmometer displays the final 
reading, the thermocouple temperature will gradually return to TA as all the water has 
evaporated from the thermocouple.
3
 If the chamber is opened, the water will 
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evaporate almost immediately and the thermocouple temperature will quickly return 
to ambient temperature.  
 
 
Figure 3.2 Typical plot of thermocouple temperature versus time as the VPO 
instrument cycles through the four step program described in 3.2.2. (Reprint from 
Vapro Model 5600 Vapor Pressure Osmometer application manual) 
 
The relationship between the reading obtained by the osmometer and the sample 
osmolality is directed by fundamental considerations. Vapor pressure depression is a 
colligative property of a solution and is known to be a linear function of osmolality. 
The relationship between vapor pressure depression and dew point temperature 
depression is given by: 
∆𝑇 = ∆𝑒 𝑆⁄  
where ∆𝑇 is the dew point temperature depression in degrees Celsius, ∆𝑒 is the 
difference between saturation and chamber vapor pressure and S is the slope of the 
vapor pressure temperature function at ambient temperature.
49
 According to the 
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Clausius-Clapeyron equation, which characterizes, a discontinuous phase transition 
between two phases of matter of a single constituent, the slope 𝑆 can be given as a 
function of temperature (𝑇 ), saturation vapor pressure (𝑒𝑜 ) and latent heat of 
vaporization (𝜆) as 
𝑆 =
𝑒𝑜𝜆
𝑅𝑇2
 
where R is the universal gas constant. In our case, the latent heat of vaporization is the 
energy absorbed by water on the thermocouple during a constant-temperature 
process.
49
  
The dew point temperature depression,∆𝑇, is measured out by the voltage signal 
from the thermocouple. This voltage is equal to ∆𝑇 multiplied by the thermocouple 
responsivity, which is approximately 62 microvolts per degree Celsius. After voltage 
amplification, the signal is processed to provide calibrate and compensate functions 
and display the final reading in 𝑚𝑚𝑜𝑙 𝑘𝑔⁄ .49 
3.3 Unit Conversion 
The unit displayed on our vapor pressure osmometers (VPO) is 𝑚𝑚𝑜𝑙 𝑘𝑔⁄ , while 
the unit we used for osmotic pressure (P) in our study is 𝑒𝑟𝑔 𝑐𝑚3⁄ . It is convenient 
therefore to discuss briefly unit conversions for the osmotic studies.   
The VPO gives the molality of the solution in mmol solute per kg solution. 
Stressing solutions used in this study to provide osmotic pressure are polyethylene 
glycol (PEG) dissolved in DI water or aqueous buffer. According to the van’t Hoff 
law, 𝛱 = 𝑖𝑀𝑅𝑇, thus we need to know the solution molarity. For PEG solutions, 𝑖 
equals to 1. The density of water or aqueous buffer is approximately 1 kg/L. 
Therefore if the molality of the PEG solution of interest is 1 mmol/kg; then the 
molarity is ~1 mmol/L. Assuming room temperature of 25 ℃ (298K), the osmotic 
pressure for 1 mmol/kg PEG solution is   
𝛱 =1×(1𝑚𝑚𝑜𝑙 𝐿⁄ ) ×(8.314𝐽 (𝑚𝑜𝑙 ∙ 𝐾)⁄ ) × (298 𝐾) = 2.478  𝐽 𝐿⁄  
  
31 
 
Because joules (𝐽) is a unit for energy, 1 𝐽 of work is equal to the work done by 1 
Newton (𝑁) of force acting on an object for 1 meter (𝑚). So 1 𝐽 =1 𝑁 × 𝑚. Thus, 
𝛱 =2.478(𝑁 × 𝑚) 𝐿⁄ =2.478(𝑁 × 𝑚) (10−3⁄ 𝑚3) =2.478× 103 𝑁 𝑚2⁄  
The pascal (𝑃𝑎) is the SI unit of pressure and is equivalent to one newton (1 N) of 
force applied over an area of 1 meter squared (1 m
2
). So the osmotic pressure 
provided by 1𝑚𝑚𝑜𝑙 𝑘𝑔⁄  PEG water solution is 2.478× 103𝑃𝑎. 
The 𝑒𝑟𝑔 is a unit of energy and work and represents the amount of work done by 
a force of one dyne (1 dyne = 10
-5
 N) exerted for a distance of one centimeter. 1 𝑒𝑟𝑔 
is equal to 1 dyne cm or approximately 10−7𝐽. This can be used to approximate 
pressure as: 
1 𝑒𝑟𝑔 𝑐𝑚3⁄ = 10−7 𝐽 𝑐𝑚3⁄ = 10−7 (𝑁 × 𝑚) (10−6⁄ 𝑚3) = 0.1𝑁 𝑚2⁄ =
 0.1𝑃𝑎 
So, using these numbers we can calculate that a solution of 1𝑚𝑚𝑜𝑙 𝑘𝑔⁄ , would 
provide an osmotic pressure 𝛱  ~ 2.478× 103𝑃𝑎 , or 2.478× 104  𝑒𝑟𝑔 𝑐𝑚3⁄ . Or 
converting to atmospheres, 1 atm = 1.013 x 10
6
 erg/cm
3
 = 1.013 x 10
6
 dyn/cm
2
. For 
our experiments, we will primarily use PEG with an average molecular weight of 
8kDa as our stressing solution. Varying the PEG concentration (weight percent) from 
0 to 50 wt%, we can vary the applied osmotic pressure from zero to nearly 100 
atmospheres of osmotic pressure. 
3.4 Using Osmotic Stress for the Direct Measurement of Intermolecular Forces 
in DNA Condensates 
It has been shown that small perturbations of water solvent several layers away 
from a macromolecular surface are what dominate the interaction of large bodies as 
they approach contact. The energies of these tiny perturbations are quite small, but the 
displacement of many water molecules can add up and ultimately dominate 
macromolecular interactions. Determining these intermolecular energies can be very 
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difficult as the energy of the perturbations is typically much smaller than the thermal 
energy of the water molecules.   
To visualize these forces, we use osmotic stress coupled with SAXS. Osmotic 
stress allows for the gentle but strictly controlled removal of water from a 
macromolecular system. The basis of the method is to let the system of interest come 
to equilibrium against a stressing polymer solution of known osmotic pressure. Many 
rod-like structures, such as DNA, form ordered arrays during osmotic equilibration. 
This is shown in Figure 3.3. DNA, are equilibrated against a bathing polymer solution 
of known osmotic pressure. The bathing polymer, typically PEG, is too large to enter 
the condensed DNA phase, thus applying a direct osmotic pressure on the condensate. 
Water, salt, and other small solutes are free to exchange between the PEG and 
condensed DNA phases. After equilibration, the osmotic pressures in both phases are 
the same. Figure 3.3 right shows by increasing the polymer concentration in the 
stressing solution, we increase the osmotic pressure of the PEG subphase, resulting in 
a decrease in DNA-DNA spacings in the condensed phase at equilibrium. By 
measuring the change in the DNA-DNA spacings as a function of the applied osmotic 
pressure, we can create the osmotic equivalent of a pressure-volume (P-V) curve.
50
 At 
its center is the equivalence of the mechanical work (osmotic pressure) needed to 
bring macromolecules like DNA closer in spite of the interactions between them and 
the chemical work (removal of water) needed to concentrate the macromolecular 
subphase. This osmotic stress method allows therefore for the direct determination not 
only of the molecular separations but the chemical potentials and ultimately 
intermolecular forces within the condensed DNA system through thermodynamic 
expressions based on the Gibbs-Duhem equation. 
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Figure 3.3 Illustration of DNA arrays under osmotic stress. (left) PEG solutions 
provide osmotic pressure for the whole system. Rod-like systems, such as DNA, will 
form ordered arrays during osmotic equilibration. Due to the large molecular size, 
PEG 8kDa is excluded from the DNA phase even in the absence of a semi-permeable 
membrane. (right) Increasing the PEG concentration, increases the applied osmotic 
pressure, resulting in a decrease in DNA-DNA spacings in the condensed phase. 
 
Figure 3.4 shows idealized osmotic stress force curves for non-condensed DNA 
(black) and condensed (right) DNA systems. With DNA in solution, we see no 
DNA-DNA spacings. At sufficient osmotic pressure, however, the DNA rods will 
order in an array characterized by a pressure dependent DNA-DNA spacing that 
scales exponentially (black line). In previous studies of polycation condensed DNA 
phases, DeRouchey has explored relationships between cation chemistry, packing 
densities, and compaction energies. Exposed to cations of charge > +3, DNA typically 
condenses spontaneously to form a hexagonal array with each molecule separated 
from its neighbors by 5-15 Å of water (red line, Figure 3.4). This spacing represents a 
balance of attractive and repulsive forces in the condensate. At high applied pressure, 
the forces are dominated by the short-range repulsive force only. We have shown that 
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using osmotic stress to drive volume change and SAXS to measure intermolecular 
spacing allows characterization of these intermolecular force balance mediated by 
cations.
51-55
 Importantly, in the context of this work, the DeRouchey lab has recently 
learned how to separate and quantitate attractive and repulsive contributions to the 
overall force.   
From the previous studies, we know that the osmotic curves shown in Figure 3.4 
can fit into a double-exponential equation with variable pre-exponential factors A and 
R
56
: 
П = П𝑅 + П𝐴 = 𝑅𝑒
−2𝐷 𝜆⁄ + 𝐴𝑒−𝐷 𝜆⁄         (3.1) 
where П  is the applied osmotic pressure, П𝑅  and П𝐴  are the repulsive and 
attractive forces respectively, and λ is the decay length.  
For cations that spontaneously condensing DNA, the coefficients R and A can be 
related through equilibrium spacing, Deq, since 𝜋(𝐷𝑒𝑞) = 0, then the coefficients can 
combined into one, R. 
𝐴 = −𝑅𝑒−𝐷𝑒𝑞 𝜆⁄      (3.2) 
Substitute (3.2) into (3.1), then we can get  
П(𝐷) = 𝑅𝑒−2𝐷 𝜆⁄ − 𝑅𝑒−𝐷𝑒𝑞 𝜆⁄ 𝑒−𝐷 𝜆⁄ = 𝑅(𝑒−2𝐷 𝜆⁄ − 𝑒−(𝐷+𝐷𝑒𝑞) 𝜆⁄ )    (3.3) 
or equivalently log П(𝐷) = log 𝑅 (𝑒−2𝐷 𝜆⁄ − 𝑒−(𝐷+𝐷𝑒𝑞) 𝜆⁄ ) 
                         = log(𝑅) + log[𝑒−2𝐷 𝜆⁄ (1 − 𝑒−(𝐷𝑒𝑞−𝐷) 𝜆⁄ )]                       
                            = log(𝑅) + log 𝑒−2𝐷 𝜆⁄ + log(1 − 𝑒−(𝐷𝑒𝑞−𝐷) 𝜆⁄ )                         
                                                = log(𝑅) +
2𝐷
2.303𝜆
+ log(1 − 𝑒−(𝐷𝑒𝑞−𝐷) 𝜆⁄ )         (3.4) 
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Figure 3.4 Idealized osmotic stress force curves for condensed DNA (red) and free 
DNA (black).  
 
Previous studies combining magnetic tweezing with osmotic stress/SAXS, it was 
shown that the attractive and repulsive forces were coupled as suggested by various 
theoretical models of DNA condensation including the electrostatic zipper model and 
hydration models. Consist with the models, the experimental results showed that the 
decay length for the repulsive force was approximately half the decay length of the 
attractive force and were approximately 2.5Å and 5.0 Å respectively. Using this 
constraint, we can measure osmotic stress force curves and describe the data with the 
double-exponential curve fits of equation 3.4 with only one free parameter, R.   
As stated, the repulsive force П𝑅 = 𝑅𝑒
−2𝐷 𝜆⁄ , and the attractive force П𝐴 =
𝑅𝑒−(𝐷𝑒𝑞−𝐷) 𝜆⁄  are coupled. In our work, where DNA is condensed by linear 
polycations or low generation PAMAM dendrimers into hexagonal structures we can 
use geometry to relate the osmotic measurements to the repulsive and attractive free 
energies. If the inter-helical spacing is D and the pacing change is dD, then the 
volume change of DNA is b√3𝐷𝑑𝐷, where b is the rising of DNA along the helical 
axis between two base pairs, 3.4Å. Then the repulsive and attractive free energy 
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contribution by per DNA base pair can be calculated by integrating ПdV from ∞ to 
D. Then we can get the free energy distributions as   
∆𝐺𝑅(𝐷)
𝑘𝑇
=
√3𝑏(𝜆 2⁄ )(𝐷+𝜆 2⁄ )
𝑘𝑇
𝛱𝑅(𝐷) (3.5) 
and 
∆𝐺𝐴(𝐷)
𝑘𝑇
=
√3𝑏𝜆(𝐷+𝜆)
𝑘𝑇
𝛱𝐴(𝐷) (3.6) 
This ability to codify the intermolecular forces will be used to understand how 
PAMAM mediates DNA-DNA forces different than comparably charged linear 
cations (Chapter 4) as well as the pH dependence of these forces (Chapter 5).  
3.5 Summary 
This chapter we focused on the basic theory of osmotic pressure. We discussed the 
definition of osmotic pressure and the effect factors. Also the mechanism of the 
osmometer was discussed. Because the unit used in the osmotic stress force curves are 
different from the osmolality determined by the osmometers, we also discussed unit 
transformation here. Then we discussed briefly how to couple osmotic pressure with 
SAXS for the determination of intermolecular forces in macromolecular systems that 
form condensed arrays.  
 
 
 
 
 
 
Copyright © Min An 
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Chapter 4 The Role of Cation Architecture on DNA Condensation 
(This chapter is taken from paper “An, M.; Parkin, S. R.; DeRouchey, J. E. 
Intermolecular forces between low generation PAMAM dendrimer condensed DNA 
helices: role of cation architecture. Soft Matter 2014, 10, 590-599” with permission 
from Royal Society of Chemistry) 
4.1 Introduction 
Cationic dendrimers have shown potential as gene delivery vectors due to their 
ability to condense DNA and protect it from cellular and restriction nuclease.
57-60
 
Dendrimers are hyperbranched macromolecules with precisely defined molecular 
weights and highly symmetric branches stemming from a central core. Each 
generation of dendrimer represents an iterative growth step resulting in twice the 
number of reactive surface groups of the preceding generation. Due to their potential 
as gene delivery agents, characterization of packaging and forces within cationic 
dendrimer-DNA complexes, or dendriplexes, is needed. Theoretical studies and 
simulations have predicted behaviour similar to a semi-flexible polyelectrolyte 
interacting with a hard sphere with wrapping of DNA around dendrimers or so-called 
‘beads on a string’ structures possible.61,62 However, early experimental studies have 
shown highly varied results with relation to the structure inside the dendriplexes. 
Depending on the dendrimer chemistry and generation, tetragonally and hexagonally 
packaged columnar mesophases, as well as DNA wrapping, have been reported in 
dendrimer–DNA complexes as observed by small angle X-ray scattering (SAXS), 
atomic force and transmission electron microscopy (AFM and TEM) experiments and 
single molecule tweezing.
15,26,63-71
 While large generation dendrimers are thought to 
have spherical shapes, low generation dendrimers are estimated to be more disc-like.
72
 
In this Chapter, we focus on low generation poly(amidoamine) (PAMAM) 
dendrimers.  
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 The physical origins of the forces acting on DNA condensation are still debated.  
Experimental studies have aimed to elucidate the fundamental physical mechanisms 
responsible for DNA condensation.
53,55,73-80
 In vitro experiments have shown that 
DNA condensation from bulk solution critically depends on the cation net charge. 
Typically +3 or larger cations are required to overcome the inherently large 
electrostatic repulsive barrier between the like-charged double stranded DNA.
81,82
 
Upon condensation, the resulting compacted structures have well defined equilibrium 
surface separations. Depending on the identity of the cation, these surface separations 
between DNA helices range from 7-15 Å. The finite separation of helices indicates a 
delicate balancing of a short range repulsive force with a longer range attraction.
73,77,78
 
Concurrent to experiments, theoretical studies have also been pursued to shed light on 
the nature of these condensed soft matter phases. This work is driven in part due to 
the inability of classical Poisson-Boltzmann (PB) mean-field theory to fully explain 
the observed attractions in DNA condensation.
83
 Theoretical treatments of the 
interhelical forces range from classical electrostatics in a continuum dielectric
84-86
 to 
hydration interactions that emphasize the disruption of water structures in tight 
spaces.
37,73,77
 To account for the attractions driving DNA condensation, these theories 
require correlations of charges or water structuring. A recently proposed electrostatic 
zipper model by Kornyshev and Leikin provides a convenient model for discussing 
correlation and attraction.
23,87,88
 They propose binding of cationic charges in the major 
or the minor grooves, thus leading to attractive interhelical correlations between the 
bound positive charges and the phosphate backbone of apposing helices. 
Experimental studies suggest such groove binding is present in a variety of linear 
polycations.
89-93
 Hyperbranched polycations, such as polycationic dendrimers, 
presumably would not be able to bind to DNA and correlate their charges with the 
phosphates of adjoining DNA in the same manner as linear cations.  Other binding 
modes, such as bridging interactions between DNA double helices, may be necessary 
to induce condensation with dendrimers.
22,94-97
 
 Osmotic stress combined with x-ray diffraction allows us to directly measure 
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fundamental molecular scale interactions between DNA helices in ordered assemblies. 
It was previously shown both attractive and repulsive forces can be described by 
exponential functions with fixed ~2.5 Å and ~5 Å decay lengths for DNA condensed by 
a wide variety of cations including Co(NH3)6
3+
, spermidine
3+
, spermine
4+
, 
oligoarginines (Arg1-Arg6) and salmon protamine.
77,78
 Recently we have learned how 
to separate and quantitate attractive and repulsive contributions to the overall 
force.
53,78,80
 Herein, we have used low generation PAMAM dendrimers (G0-PAMAM 
(+4) and G1-PAMAM (+8)) to condense high molecular weight DNA. The force 
curves of hyperbranched PAMAM molecules are compared to linear arginine peptides 
of the same net charge (tetra-arginine [R4
+4
] and octa-arginine [R8
+8
]). We have 
previously shown a length dependent attraction resulting in higher packaging densities 
with increasing charge for linear cations.
78,80
 Our results show PAMAM-DNA 
complexes give lower DNA packaging densities with higher dendrimer generation 
number. Fits to the force curve data suggest this packaging difference arises from both 
increased repulsions and greatly reduced attractions in PAMAM-DNA compared to the 
linear cation. We also examined the salt and pH dependence on packaging in 
dendrimer-DNA complexes compared to the arginine-DNA complexes. The increased 
pH and salt sensitivities of PAMAM polyplexes are suggestive that different binding 
modes may be active in the hyperbranched cations.  
4.2 Materials and Methods 
4.2.1 Materials 
Polyamidoamine (PAMAM) dendrimers (Generation 0 and Generation 1, 
ethylenediamine core, amine-terminated and 20 wt% solution in methanol) were 
obtained from Sigma-Aldrich (St Louis, MO). Before use, methanol was removed 
under reduced pressure at room temperature using a Labconco Centrivap. G0- and 
G1-PAMAM were subsequently dissolved in deionized water and buffered with acid 
or base to the desired pH. Tetra-arginine (R4) and octa-arginine (R8) peptides were 
custom synthesized and purified (>98%) by GenScript Corporation. The peptides 
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were neutralized with Tris base and used without further purification. Bioultra grade 
polyethylene glycol (PEG), with an average molecular weight (MW) of 8000, was 
purchased from Fluka Chemical Co. All chemicals were used without further 
purification. Highly polymerized calf-thymus DNA sodium salt (molecular weight 
~ 10–15 million daltons) was purchased from Sigma-Aldrich and subsequently 
purified by phenol/chloroform extraction to remove excess proteins. High molecular 
weight DNA(>5×106) was prepared and purified from adult chicken whole blood as 
described previously.
98
 After purification, both chicken blood and calf-thymus DNA 
were extensively dialyzed against 10mMTris–HCl (pH 7.5) and 1mM EDTA. The 
successful removal of protein was verified by measuring the ratio of absorbance at 
260 nm and 280 nm of DNA solutions (260/280) and it was found to be acceptable 
with values >1.8. 
 
Figure 4.1 UV–vis absorption spectra of DNA in buffer solution. DNA concentration 
was determined by using the A260 while DNA purity was verified by the A260/A280 
ratio.   
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4.2.2 Sample Preparation 
For all four cations used in this study (R4, R8, G0-PAMAM and G1-PAMAM), 
DNA spontaneously precipitates and samples for X-ray scattering were prepared in 
one of two ways. Concentrated polycation solutions were added to 1mg/mL chicken 
erythrocyte DNA or calf-thymus DNA (~250 mg of DNA) in 10 mM Tris–HCl (pH 
7.5) in steps of 0.2 mM. Each addition was thoroughly mixed before adding more 
condensed ions and the process was continued until all DNA was precipitated. 
Alternatively, condensing cations were added to DNA in a single aliquot to an 
equivalent final concentration. Typically, the cation to DNA phosphate ratio was 1.5–
2 at the end point. The resulting fibrous samples were centrifuged at ~10 000g for 10 
min and transferred to corresponding PEG–salt solutions and allowed to equilibrate 
for ~2 weeks. X-ray scattering profiles did not depend on the type of DNA (calf 
thymus or chicken blood) or the method used to prepare the DNA precipitate. No 
change in the X-ray scattering pattern was observed after 6 months of storage. PEG 
osmotic pressures were measured directly using a Wescor Vapro Vapor Pressure 
Osmometer (model 5660). 
For pH dependent studies, samples were prepared with calf thymus DNA 
dissolved in deionized water. Cations were dissolved in water and buffered to the 
desired pH (pH range 4–8) with HCl or NaOH. Condensed DNA was then prepared as 
described above and equilibrated for 2 weeks in pH appropriate buffer. A second set 
of pH experiments were performed by condensing calf thymus DNA with cations 
buffered to pH 5 or pH 8 as described above. After equilibration, these samples were 
examined by SAXS to determine the interhelical spacing, 𝐷𝑖𝑛𝑡. Subsequently, these 
condensed DNA samples were then equilibrated for 2 weeks in the opposite pH 
solution and measured by SAXS to determine the change in 𝐷𝑖𝑛𝑡 after changing the 
pH bath solution. 
4.2.3 Critical Concentrations 
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The critical concentration of each condensing cation used for precipitation of 
DNA from dilute solution was determined as described by Pelta et al.
30
 A series of 
DNA samples was prepared with varied cation concentrations in 10mM Tris buffer. 
The DNA concentration was ~15 μM base pairs in a total volume of 1 mL. After 
incubation at room temperature for ~1 hour, the solution was centrifuged at16 000g 
for 10 min and the DNA absorbance at 260 nm of the supernatant was measured. 
Critical concentrations were observed to decrease approximately by an order of 
magnitude for each additional charge, as seen by others.
99,100
 The cation 
concentrations used in the bathing PEG–salt solution for the osmotic stress 
measurements were ~2–10 fold higher than the critical concentration. Over this 
range, the observed spacing between helices does not depend on the cation 
concentration. 
4.2.4 Osmotic Stress 
The method for direct force measurements by osmotic stress has been previously 
described in detail.
37,73
 In brief, condensed macromolecular arrays, such as DNA, are 
equilibrated against a bathing polymer solution of known osmotic pressure. The 
bathing polymer, typically PEG, is too large to enter the condensed DNA phase, thus 
applying a direct osmotic pressure on the condensate. Water, salt, and other small 
solutes are free to exchange between the PEG and condensed DNA phases. After 
equilibration, the osmotic pressures in both phases are the same. Using small-angle 
X-ray scattering (SAXS), 𝐷𝑖𝑛𝑡 can be determined from the Bragg scattering of X-rays 
as a function of the applied PEG osmotic pressure to obtain force-versus-separation 
curves. 
4.2.5 X-ray Scattering  
Graded-multilayer focused Cu Kα radiation from a Nonius FR-591 rotating anode 
fine-focus X-ray generator operating at 45kV and 20mA was used for the small-angle 
X-ray scattering experiments. The primary beam cross-section was limited using a 
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fine rear aperture beam tunnel. Samples were sealed with a bath of equilibrating 
solution in the sample cell and then mounted into a sample holder at room 
temperature (25℃). The flight path between the sample and the detector was filled 
with helium to minimize background scattering. Diffraction patterns were recorded 
with a SMART 6000 CCD detector, with phosphor optimized for Cu Kα radiation. 
The images were analyzed with Fit2d and Origin 8.0 software. The distance from the 
sample to detector, calibrated using silver behenate, was found to be ~23.2 cm. In 
typical scattering experiments, we see not only the Bragg reflection, to determine the 
interaxial DNA-DNA spacings, but also weak higher order diffraction typical of 
hexagonal packaging. The Bragg spacing is calculated as 𝐷𝐵𝑟=2𝜋/𝑄100, where Q100 is 
the scattering vector, Q, which corresponds with the maximum in the scattering. Q is 
defined as 𝑄 = (4𝜋 𝜆⁄ ) sin 𝜃 where 2θ is the scattering angle. For a hexagonal 
lattice, the Bragg spacing, 𝐷Br, and the actual distance between helices, 𝐷𝑖𝑛𝑡, are 
related by 𝐷𝑖𝑛𝑡 = (2 √3⁄ )𝐷𝐵𝑟. For different samples equilibrated under the same 
PEG-salt conditions, 𝐷𝑖𝑛𝑡 values were reproducible to within ~0.1 Å. X-ray scattering 
patterns were reproducible over at least 6 months of storage and no sample 
degradation was apparent. Typical exposure times were of the order of 2 min.  
4.2.6 Force Analysis 
We fitted the osmotic pressure Π versus spacing D curves to a double exponential 
equation with variable pre-exponential factors A and R: 
𝛱(𝐷) = 𝛱𝑅(𝐷) + 𝛱𝐴(𝐷) = 𝑅𝑒
−2𝐷 𝜆⁄ + 𝐴𝑒−𝐷 𝜆⁄   (4.1) 
or equivalently 
log( 𝛱(𝐷)) = log(𝑅) −
2𝐷
2.303𝜆
+ log (1 +
𝐴
𝑅
𝑒𝐷 𝜆⁄ )   (4.2) 
with decay length fixed at 5 Å. This form and decay length constraint are the result of 
experiments combing osmotic stress measurements with single molecule, magnetic 
tweezer experiments to separate the attractive and repulsive free energies at the 
equilibrium spacing for several commonly used condensing agents. Equation (2) with 
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λ= 5.0 Å gives very good fits for the arginine-DNA complexes previously examined. 
The results are only slightly dependent on the decay length λ over the range of 
approximately±0.5 Å. For cations that induce DNA condensation, such as those used 
in this study, the coefficients R and A are connected through the equilibrium 
interaxial spacing Deq because 𝛱(𝐷𝑒𝑞) = 0,giving a fitting equation with only a 
single variable R. 
log(𝛱(𝐷)) = log(𝑅) −
2𝐷
2.303𝜆
+ log(1 − 𝑒−(𝐷𝑒𝑞−𝐷) 𝜆⁄ )   (4.3) 
Assuming the DNA were packed into hexagonal structure, the repulsive and attractive 
free energy contributions per DNA base pair can be calculated as a spacing D by 
integrating 𝛱dV for each exponential from ∞ to D, 
∆𝐺𝑅(𝐷)
𝑘𝑇
=
√3𝑏(𝜆 2⁄ )(𝐷+𝜆 2⁄ )
𝑘𝑇
𝛱𝑅(𝐷)  (4.4) 
and 
∆𝐺𝐴(𝐷)
𝑘𝑇
=
√3𝑏𝜆(𝐷+𝜆)
𝑘𝑇
𝛱𝐴(𝐷)   (4.5) 
where b is the linear spacing between DNA base pairs, 3.4 Å. 
4.3 Results 
4.3.1 Packing and Forces in DNA Condensed with G0-PAMAM, G1-PAMAM, 
Tetraarginine (R4), and Octaarginine (R8) 
Figure 4.2 shows the osmotic stress curves for G0-PAMAM (G0) and 
G1-PAMAM (G1) condensed DNA. Plotted are log osmotic pressure (𝛱) values 
versus DNA interaxial spacing, Dint. These dendrimer-DNA complexes were 
precipitated at pH7.5 and buffered with 10mM Tris (pH7.5) for all samples. Arrows 
show the interaxial spacing in the absence of applied osmotic pressure. Solid lines are 
fits of the data to eqn(4.3) with the decay length λ fixed at 5.0 Å. Results depend only 
weakly on the decay length over the range of ~ ±0.5 Å. These fits allow us to 
separate the net force into its attractive and repulsive components. The protonation of 
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G0 and G1 was thoroughly studied previously
101
. At near neutral pH, PAMAM has 
the complete protonation of the primary amine groups at the dendrimer surface 
resulting in +4 and +8 surface charges for G0 and G1 respectively. The equilibrium 
spacing in the absence of applied osmotic pressure increases with increasing PAMAM 
generation. In addition, the high pressure data do not converge despite the similar 
chemical moieties on the surface amine groups as we have seen with other 
homologous cations. 
 
 
Figure 4.2 Osmotic force stress curves are shown for DNA condensed by low 
generation (G0 and G1) PAMAM. The arrows indicate the equilibrium spacing in the 
absence of applied PEG osmotic pressure. The solid lines are fit of the data to eqn(4.3) 
with λ=5 Å. 
 
Figure 4.3 shows the osmotic stress curves for tetraarginine (R4) and octaarginine 
(R8) condensed DNA at pH7.5. These linear polycations are the charge equivalent 
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arginine peptides to G0 and G1. Arrows show the interaxial spacing in the absence of 
applied osmotic pressure. Solid lines are fits to eqn (4.3) with λ fixed at 5.0 Å. As 
reported previously, despite starting at very different equilibrium spacings without 
applied osmotic pressure, the high pressure data converge to the same high pressure 
limit. To emphasize this convergence at high pressure, we have also plotted 
previously published data for R4, R6 and poly-arginine (MW ~35.5 kDa, PArg)78. 
Increasing the number of arginines in this linear series results primarily in an increase 
of the magnitude of the 5.0 Å attractive decay length. At the highest osmotic pressures, 
the 2.5 Å repulsive decay length dominates and is only slightly dependent on the 
 
 
Figure 4.3 Osmotic stress force curves are shown for DNA condensed by 
tetraarginine (R4) and octaarginine (R8) peptides. The arrows indicate the equilibrium 
spacing in the absence of applied PEG osmotic pressure. The solid lines are fits of the 
data to eqn(4.3) with λ=5 Å. Also shown are hexaarginine (R6) and polyarginine data 
published previously. 
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number of arginines. We previously showed that the attractive free energy for linear 
arginine has a ~1/N dependence for the arginine series from R2 through R6 and 
poly(Arg).
78
 The R4 and R8 data shown in Fig.4.3 are consistent with these previous 
observations. 
Figure 4.4 shows typical X-ray scattering intensity profiles for all four cation 
polyplexes in Tris buffer (pH 7.5) without additional salt. Without applied osmotic 
pressure, the equilibrium interaxial spacings, Dint, between helices in G0-DNA and 
G1-DNA complexes are 31.0 Å and 32.0 Å (±0.1 Å) respectively. R4–DNA and R8–
DNA have Dint of 29.8 Å and 28.3 Å (±0.1 Å), respectively. The sharp peak for all 
complexes is the helix–helix Bragg reflection. The peaks at larger Q are consistent 
with 101 and 110 reflection for a hexagonal lattice. These higher order reflections are 
indicated by arrows in Fig. 4.4. The presence of these higher order reflections has 
been previously assigned as evidence of the binding of cations in grooves
89
. The 
amplitude of these higher order reflections is much larger for the linear arginine 
condensed polyplexes than the hyperbranched PAMAM dendriplexes. We also note  
 
 
 
Table 4.1 The equilibrium interhelical spacings ( ± 0.1 Å) from direct X-ray 
measurements and repulsive and attractive force component contributions to osmotic 
pressures (±0.5%) and free energies (±0.5%) at 25 Å calculated from fits to force curves 
are shown for DNA condensed by R4, R8, G0- and G1-PAMAM 
Cation 𝐷𝑒𝑞 𝛱𝑅(25Å) 
(108 𝑒𝑟 𝑐𝑚−3) 
𝛱𝐴(25Å) 
(108 𝑒𝑟 𝑐𝑚−3) 
∆𝐺𝑅 (25Å)𝑘𝑇 
per base pair 
−∆𝐺𝐴(25Å)𝑘𝑇 
per base pair 
R4 29.8 1.91 0.74 1.89 1.59 
R8 28.3 2.35 1.23 2.32 2.64 
G0-PAMAM 31.0 1.80 0.55 1.79 1.18 
G1-PAMAM 32.0 2.67 0.66 2.64 1.43 
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Figure 4.4 Small-angle X-ray scattering (SAXS) profiles of DNA assemblies 
condensed by R4, R8, G0-PAMAM, and G1-PAMAM in 10 mM Tris, pH 7.5. Higher 
order reflections are consistent with (101) and (110) reflections of a hexagonal lattice. 
These reflections are clearly evident in R4 and R8 condensed DNA. G0-PAMAM 
also shows these peaks but they are reduced. G1-PAMAM shows further reduction of 
the (101) reflection and no evidence of the (110) reflection.  
 
that while the PAMAM dendriplexes do maintain a 101 reflection, the 110 reflection 
(Q ~ 4.5–5 nm-1) is very weak in G0-DNA and non-existent in the larger G1-DNA 
samples. The equilibrium spacings, osmotic pressure contributions at 25 
Å, ∆𝛱𝑅 (25 Å) and ∆𝛱𝐴 (25 Å), and the free energy contributions ∆𝐺𝑅(25 Å) and 
∆𝐺𝐴(25 Å) for the PAMAM and arginine cations are given in Table 4.1. The free 
energy contributions show that PAMAM dendrimers have comparable repulsive 
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contributions to their arginine equivalents. G1 has increased repulsions compared to 
R8. Significantly, the attractive free energy contributions are greatly reduced for both 
G0 and G1 when compared to the linear R4 and R8 systems. 
 
 
Figure 4.5 Effect of changing pH at condensation. The changes in inter-helical 
spacings (∆𝐷𝑖𝑛𝑡 = 𝐷𝑖𝑛𝑡,𝑝𝐻 − 𝐷𝑖𝑛𝑡,𝑇𝑟𝑖𝑠) are shown as a function of the solution pH at 
condensation. All cations are normalized relative to condensation at 10 mM Tris, pH 
7.5.  
 
4.3.2 Role of pH on Equilibrium Spacings 
To investigate the role of pH on the resulting equilibrium interaxial spacings, two 
sets of experiments were performed. In the first set of experiments, condensing agents 
were buffered to different pH values (pH 4–8) from stock solutions with HCl or 
NaOH. Calf thymus DNA in distilled water was then precipitated with the pH 
buffered cations as described in the Methods section. Samples were equilibrated for 
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two weeks in fresh pH buffered aqueous solutions with a slight excess of polycation 
to maintain the cation concentration above the critical concentration. It is known that 
at lower pH, the tertiary amines of PAMAM can become protonated thus shifting the 
charge density higher. Such pH effects are not expected in arginine peptides over 
most pH values because the pKa value of the guanidyl group in arginine is ~12.5. 
Fig.4.5 shows the results of the equilibrium spacing as a function of the pH at 
condensation for R4, R8 and G0, G1 PAMAM condensed DNA. Here, we plot the 
change in interhelical spacing ∆𝐷𝑖𝑛𝑡 relative to precipitation in 10 mM Tris, pH 7.5 
(∆𝐷𝑖𝑛𝑡 = ∆𝐷𝑖𝑛𝑡,𝑝𝐻 −  ∆𝐷𝑖𝑛𝑡,𝑝𝐻7.5). As pH decreases, we see decreasing equilibrium 
spacings for all four cationic species. As expected R4 and R8 show only slight 
changes (~0.3–0.5 Å) in equilibrium spacings over the pH range studied. PAMAM 
complexes show significantly larger pH dependence. G0 changes ~1.2 Å between pH 
4 and 8 while Dint changed ~2.9 Å for G1 over the same pH range. At pH 4, the DNA 
interhelical spacing is now smaller for G1 than for G0, the opposite of pH 8. These 
differences highlight the pH sensitivity of the resulting packaging densities in 
PAMAM dendriplex complexes. 
In the second set of experiments, PAMAM–DNA was condensed at pH 5 and pH 
8. Samples were equilibrated for one week and measured by SAXS to determine the 
interaxial equilibrium spacing, Dint. The measured equilibrium spacings were 
consistent with the pH results described in Fig. 4.5. The change in equilibrium 
spacing between condensation at pH5 and pH8 was ~1.1 Å and 2.8 Å for G0 and G1 
respectively. The condensed PAMAM–DNA condensates were then switched from 
pH 5 to pH 8, re-equilibrated, and examined by X-ray diffraction to determine the 
effect of changing the buffer pH on the condensed PAMAM-DNA fibers. Results are 
shown in Table 4.2. Dint values were reproducible to within ~0.1 Å. Although large 
changes in Dint were observed upon changing the pH at condensation for 
PAMAM-DNA, once condensed the effect of pH change on Dint was significantly 
smaller. A change in pH buffer solutions was evidenced most clearly in G1. 
Condensing DNA with G1 at pH 5 and then subsequently equilibrating at pH 8 was 
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observed to increase its interaxial spacing. However, the observed increase of 1.4 Å is 
only about half of the observed Dint change measured when DNA was condensed by 
G1 at pH 5 and pH 8. Condensing at pH 8 and then equilibrating to pH 5 resulted in a 
shift of the Dint for G1-DNA of ~0.7 Å from 32.3 Å to 31.7 Å. DNA condensed by 
G0 displayed a similar behaviour. Both pH buffer changes on condensed PAMAM–
DNA complexes were considerably smaller than the ∆𝐷𝑖𝑛𝑡  observed from 
condensing DNA at different pHs. When returned to their initial pH conditions, the 
measured equilibrium spacings for both G0 and G1 condensed DNA were within 0.2 
Å of their original values. 
 
Table 4.2 Effect of changing buffer pH after condensation for low generation 
PAMAM-DNA complexes. Samples were condensed at pH 5 or pH 8 and allow to 
equilibrate for two weeks and measured by X-ray scattering to determine interaxial 
DNA spacings. Samples were then placed in the opposite pH buffer, allow to 
re-equilibrate for two weeks and reexamined by scattering.  
  G0-PAMAM G1-PAMAM 
Condensed 
at pH 5 
Condensed at 
pH 8 
Condensed at 
pH 5 
Condensed at 
pH 8 
𝐷𝑖𝑛𝑡, buffer pH 5 30.0 Å 30.9 Å 29.5 Å 31.7 Å 
𝐷𝑖𝑛𝑡, buffer pH 8 30.2 Å 31.0 Å 30.9 Å 32.4 Å 
∆𝐷𝑖𝑛𝑡, buffer change 0.2 Å ~0.07 Å 1.4 Å 0.7 Å 
∆𝐷𝑖𝑛𝑡 pH at condensation 1.1 Å 2.8 Å 
 
4.3.3 Salt Dependence of R4, R8, G0-PAMAM and G1-PAMAM 
Figure 4.6 shows the interhelical spacing change as NaCl salt concentration is 
increased. In all the curves, the slight excess polycation concentration in the bathing 
solution was maintained in 10 mM Tris, pH 7.5. As phase transitions may occur with 
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increasing salt, we plot simply the salt dependence of the Bragg reflection 𝐷𝐵𝑟 =
2𝜋 𝑄100⁄ . Figure 4.6A plots the Bragg spacing dependence for all four cation 
condensed DNA systems as a function of added NaCl salt concentration. Figure 4.6B 
shows the relative change in the Bragg spacing compared to no excess salt (𝐷𝐵𝑟,𝑠𝑎𝑙𝑡 −
𝐷𝐵𝑟,𝑇𝑟𝑖𝑠) for each cation-DNA complex. All four samples show swelling of the DNA 
array with increasing added NaCl salt concentration; however the swelling behaviour 
is highly dependent on the condensing cation. With increasing salt, the DNA-cation 
fiber swells reaching a salt concentration where no Bragg scattering is observed 
within the sample. At even higher NaCl salt concentrations, the samples completely 
dissolve. For the linear arginine cations, increasing the cation charge from R4 to R8 
resulted in a significantly more salt stable complex. For R4-DNA, a steady increase in 
𝐷𝐵𝑟  is observed for 0 to 150 mM added NaCl salt. Bragg scattering is no longer 
observed at 200 mM salt. The larger R8 shows the least dependence of 𝐷𝐵𝑟 on NaCl 
salt concentration. For R8-DNA complex, stable Bragg reflections are observed at 
700 mM NaCl. By 800 mM NaCl, the Bragg reflections in R8-DNA are lost. This 
behaviour is in stark contrast to the PAMAM dendriplexes. For NaCl salt 
concentrations less than ~0.1 M, the changes in spacing for G0+4 and R4+4 are quite 
similar. By 125 mM NaCl, G0-DNA swells significantly more than R4-DNA to 
𝐷𝐵𝑟  ~30.0 Å (𝐷𝑖𝑛𝑡 ~34.7 Å). Bragg scattering is lost for G0-DNA by 150 mM NaCl. 
More pronounced is the difference between the octa-charged R8 and G1 condensed 
DNA systems. G1-DNA swells to 𝐷𝐵𝑟 ~33.2 Å by 250 mM NaCl and all Bragg 
scattering is lost by 275 mM NaCl compared to 800 mM for linear R8. 
Figure 4.7 shows typical scattering profiles with Bragg reflections for all four 
cation-DNA systems at low and high salt concentrations. The higher order reflections 
gradually disappear for all systems with increasing salt concentration. For R4 and R8, 
the scattering profiles predominantly a simple shifting of the sharp Bragg reflection to 
lower Q (i.e. larger DNA-DNA interhelical spacings). The PAMAM-DNA samples 
however display a significant peak broadening with increased salt concentration. For  
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Figure 4.6 (A) Bragg spacing dependence ( 𝐷𝐵𝑟 = 2𝜋 𝑄100⁄ ) vs added NaCl 
concentration for R4, R8, G0 and G1-DNA systems. (B) The change in the Bragg 
spacing relative to DBr in 10 mM Tris without added salt. The equilibrium solutions 
show no scattering at the next higher salt concentration in each series. (The 
uncertainty of the measurement is ±0.2 Å) 
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Figure 4.7 Scattering profiles for DNA assemblies condensed by R4, R8, 
G0-PAMAM and G1-PAMAM at 10 mM Tris, pH 7.5 and with higher added NaCl 
concentration. All samples have a clear shift to lower Q (or equivalently larger DBr) 
with added salt. The arginine-DNA samples maintain a sharp Bragg peak at low and 
high salt concentrations while the G0- and G1-PAMAM show significant peaking 
broadening with added salt. 
 
 
PAMAM condensed DNA, the Bragg peaks at high salt concentrations broaden 
approximately two times the width of the sharp low salt reflections. Such peak 
broadening is consistent with a columnar to cholesteric transition. 
4.4 Discussion 
Much previous work has been done to study DNA condensed in vitro by a variety 
kinds of multivalent ions. Typically cations of net charge greater than +3 are capable 
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to condense DNA into hexagonal arrays. Depending on the cation used to condense, 
the DNA helices within these arrays do not touch and are separated by a ~7−15 Å 
water layer. This water separation represents a balance of the repulsive and attractive 
forces within these soft matter phases. To account for the magnitude of attractions 
driving DNA condensation, most current theoretical models require a correlation of 
charge or water structuring. Typically, this charge correlation is accomplished by 
assuming cation binding into the DNA major or minor groves. Such correlations thus 
allow for the bound positive charges on one DNA to correlate and interact with the 
negative charged phosphate backbone of an opposing DNA helix. Prior experimental 
results have also suggested binding of linear cations within DNA grooves for a variety 
of linear cationic systems.
90,102-105
 For dendrimers or spherical polycations, other 
binding modes such as cation bridging between DNA double helices have been 
proposed.
95,97,106-108
 
Dendrimers are well known to condense DNA and protect nucleic acids from 
degradation by nucleases. However, the size and the hyperbranched nature of 
dendrimers are suggested correlation of charge (or water structuring) within DNA 
grooves is unlikely. Most of the structural studies to date observe hexagonal 
arrangement of DNA helices when condensing by low generation PAMAM 
dendrimers (< G4), similar to linear cations. The surface charge of G0 and G1 
PAMAM dendrimer at neural pH is +4 and +8, respectively, and they have 
theoretical diameters of 15 Å and 22 Å. G0 and G1 condensed DNA at pH 7.5 have 
𝐷𝑖𝑛𝑡 of ~31 and 32 Å. B-DNA has a diameter of 20 Å leaving 11 and 12 Å of water 
spacing between DNA helices in these PAMAM condensed DNA phases. The 
resulting spacings are smaller than the theoretical dendrimer diameters. While high 
generation dendrimers are predicted to be spherical in shape, low generation 
dendrimers are believed to be more of a disc-like shape which may help the low 
generation PAMAM within the DNA arrays. It is also important to note that B-DNA 
has major groove that the dimension is approximately 8.5 Å deep and 11.7 Å wide. 
Linear multi-valent cations such as metal ions, alkyl amines, and arginine and lysine 
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peptides are able to fit comfortably into DNA grooves. However, even low generation 
PAMAM dendrimer molecules are comparable to the major grooves dimensions. So 
PAMAM are presumably unable to access the DNA grooves. If unable to correlate 
within DNA grooves, other modes of binding, such as charge bridging across two 
DNA molecules may dominant the dendrimer-DNA reactions. 
To investigate the role of cation architecture on DNA condensation, we have 
compared the osmotic stress curves for G0- and G1-PAMAM to the comparably 
charged tetra- and octa-arginine (R4/R8) linear peptides. Despite the simplicity of the 
double exponential form of eqn(4.2) and (4.3) with fixed 2.5 Å and 5.0 Å decay 
lengths gives good fits to all the force data shown in Figure 4.2 and 4.3. The 
equilibrium distances between DNA helices are determined by the balance of 
attractions and repulsions within the cation-DNA system and are cation specific. We 
previously showed using linear homologous peptides that the repulsive force is only 
weakly dependent on the peptide length (or equivalent charge) while the attractive 
force increases with the number of arginine residues and dominate the interaction at 
charges ≥ +3. Combined, these attractions and repulsions result in the interaxial 
spacing between DNA helices decreasing with increasing number of residues in a 
linear homopeptide such as the arginine data shown in Figure 4.3. The attractive free 
energy measured for R4 and R8 in my study is consist with the ~ 1 𝑁⁄  dependence 
for arginine series previously measured
51
. We argue that the 1 𝑁⁄  relationship is a 
result of translational entropy of the bound cation. In other words, there is less loss of 
entropy to correlate one +4 counterion than four +1 ions. We have shown that 
oligolysines and simple alkyl amines (putrescine
2+
, spermidine
3+
, and spermine
4+
) 
show a similar 1 𝑁⁄  behavior.51,52 
DNA condensed by G0- and G1-PAMAM show completely opposite behavior in 
the force curves. While all four systems are well described by the double exponential 
formalism given in eqn(4.3), the attraction and repulsive forces show different trends 
for branched dendrimers compared to their charge equivalent linear arginines. Not 
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only does the interhelical spacing increase in Figure 4.2 with the increasing charges 
for PAMAM but the high pressure data do not converge despite the chemical 
similarity in the terminal primary amine groups for both PAMAM species. The results 
of the force curve fits in Table 4.1 indicate that the hyperbranched nature of the 
dendrimer results in a slightly higher repulsions and significantly reduced attractions 
compared to the linear cations. Increasing the linear arginine peptides from R4 to R8 
results in a 66% increased attractions which overcome the ~23% increase in 
repulsions. These forces result in tighter DNA packaging for R8 compared to R4. In 
comparison, comparing G0 and G1 we see that the repulsions are increased ~47% 
while the increased attraction of the octavalent G1 is only ~21% greater than the 
tetravalent G0. The decrease in the long range attractive force amplitude is greater 
than the increase in the short range repulsive force. This decreased attraction is 
consistent with the notion that cationic dendrimers are unable to correlate their 
charges with phosphates of adjoining DNA in the same manner as the linear cations. 
Indeed, the attractions measured for G1 are even less than for R4. The corresponding 
additional repulsive force observed for PAMAM could be due to the compressibility 
of the branched dendrimer, but warranty further study.  
The pH and salt dependencies of the DNA-DNA spacing at equilibrium for the 
cation-DNA complexes used in this study were determined by SAXS. PAMAM 
dendrimers have tertiary amine groups at each branching points and primary amine 
groups at the terminal. The protonation level of the PAMAM can be altered 
significantly by changing the solution pH. At physiological pH, the primary amines 
are protonated while at low pH, the tertiary amines can carry charges. G0 PAMAM 
has 4 primary and 2 tertiary amines. G1 has 8 primary and 6 tertiary amines. The 
charges on arginine peptides are relative insensitive to pH studied here because the 
pKa value of the guanidyl group of arginine is ~12.5. Figure 4.5 shows the effect of 
changing pH at which condensation occurs for the arginine and PAMAM condensed 
DNA system from pH 4 to 8. Prior work showed that DNA condensation occurs when 
over 90% of its charge neutralized by counterions.
109
 The increasing protonation state 
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of PAMAM at lower pH requires less mass of dendrimer to neutralize the charge of 
DNA phosphates. Less dendrimer within the condensate would presumably lead to 
more close packaging of the DNA helices as observed. The pH effect is as follows: 
tighter packaging of the DNA is observed for both G0 and G1 at low pH; however G1 
showed significant larger difference in equilibrium spacing than G0 over the pH range 
studied. The linear arginine peptides (R4 and R8) also show a slightly decrease in 
𝐷𝑖𝑛𝑡 at low pH. This is perhaps because some protonation of the C-terminal carboxyl 
of these peptides ultimately increasing their overall net charge. If the C-terminal 
carboxyl of the arginines were partially protonated, we would expect tighter 
packaging of the DNA due to the previously discussed 1 𝑁⁄  dependence of the 
attractions. The 1 𝑁⁄  dependence is also consistent with the observation that the 
change in the equilibrium spacing (∆𝐷𝑖𝑛𝑡) is larger for R4 than for R8 as a larger 
relative change in attractive free energy would be expected upon moving from +4 to 
+5 than from +8 to +9.      
Once condensed, changing the buffer pH does induce a shift in the equilibrium 
DNA spacing in the direction anticipated from Figure 4.5. However, the magnitude of 
spacing shift is significantly less as shown in Table 4.2. These results suggest that 
once bound the pKa’s of the tertiary amines in PAMAM are shifted and their ability to 
protonate or deprotonate is different from PAMAM in free solutions. Interestingly, 
the ability to respond to pH is asymmetric. Both PAMAM-DNA complexes undergo a 
larger change in equilibrium spacing when condensed at low pH and then 
re-equilibrate at high pH than vice versa. When returned to their original pH, the 𝐷𝑖𝑛𝑡 
spacing did return to their original spacing within ±0.2 Å. One explanation for this 
phenomenon is that the exchange of PAMAM from condensate and bulk solution may 
be slow and meta-stable. 
Lastly, we examined the effect of NaCl salt on our PAMAM and arginine 
condensed DNA complexes. We have previously studied the salt dependence of 
protamine-DNA complexes showing that salt has a two-fold action: both anion biding 
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to the protamine and cation competition with protamine for DNA biding.
54
 An 
increasing ionic strength would also screen possible electrostatic attractive forces. For 
linear cations, larger spacings at high salt concentrations suggest a decrease in 
attractive free energy due to a weakened correlation of the cation, or a decreased 
charge of the bound polycation with anion biding or increased shielding of charges on 
adjacent helices. If bridging or other biding modes are active in dendrimer-DNA 
complexes, it is reasonable to assume that the salt sensitivities would be different than 
the linear cation-DNA complexes. As shown in Figure 4.6, swelling occurs for all 
four systems. Both PAMAM systems are observed to swell to significant larger 
spacings and lose Bragg reflections at lower salt concentrations than their 
equivalently charged linear arginine peptides. The salt concentration at which the 
Bragg reflections was no longer observed was highly charge dependent for linear 
arginine shifting from ~200 mM to ~800 mM for R4 and R8 respectively. Over 
these NaCl salt concentrations 𝐷𝐵𝑟 swelled approximately 1.5 Å and 3 Å in total for 
R4 and R8 respectively. Interestingly, both arginines reached a 𝐷𝐵𝑟  ~31.5 Å at 
highest salt concentration. In contrast, the PAMAM complexes swell to much larger 
Bragg spacings increasing 3 and 6 Å for G0 and G1 respectively with increased NaCl 
concentration. Despite of the doubling of the charge in G1, the slope of the Bragg 
spacing with increasing salt concentration was nearly identical to G0. Unlike arginine, 
the critical salt concentration at which Bragg spacing was lost for PAMAM mildly 
shifted from 150 mM to ~275 mM with increasing generation number. Using 
protamine-DNA arrays, we previously showed that salt sensitivities were very 
dependent on salt species.
54
 Specially, we showed that the attractive forces were 
weakened by a combination of anion binding and cation screening (competition). If 
anion binding dominates, such as for chaotropic anions, we observe strong 
dependence of spacings on salt concentration. Chaotropic anions are anions can 
disrupt the hydrogen forces between DNA molecules. If cation competition for 
binding dominates, then weak dependence of DNA spacings was observed. It is true 
that with anion binding (Na2SO4 or NaSCN), protamine-DNA spacings got much 
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larger before the pellets dissolved than for cation competition (NaF or NaOAc) as 
with R8 vs. G1. Here, however, these differences are likely arising from different 
binding modes for branched dendrimers and linear arginines. 
In addition, while no significant peak broadening was detected for the 
arginine-DNA systems, PAMAM-DNA displayed significant peak broadening at high 
salt concentrations suggestive a phase transition from a hexagonal packaging of DNA 
to a more loosely ordered liquid crystalline phase. Previously, we observed in high 
molecular polyarginine-DNA complexes that such phase transitions occurred over a 
narrow range of salt concentrations. For such short polycations as the arginines used 
in this study, this range may be even narrower and therefore was not observed. 
PAMAM complexes appear to have this phase transition occur over a broader range 
of salt concentrations and thus are easily observed. Peak widths are indicative of the 
average in-plane domain sizes with sharper peaks suggestive of larger domain sizes. 
Such peak broadening is consistent with a phase transition at high salt concentrations 
from a columnar hexagonal phase to a more loosely ordered cholesteric liquid-crystal 
phase. Similar phase transitions were previously observed for larger generation 
PAMAM-DNA complexes.   
4.5 Conclusions 
The current study represents an investigation of the influence of cation topology 
on the resulting structures and forces within DNA complexes condensed by low 
generation PAMAM dendrimers. In order to condense DNA, linear cations are 
believed to bind into DNA grooves and to interact with the phosphate backbone of the 
opposing DNA helix. We have shown a length dependence of attraction resulting in 
higher packaging densities with increasing charges for linear cations. Dendrimers, 
such as PAMAM, due to the relatively large size and hyper-branched structure, are 
presumably to believe unable to bind into DNA grooves and correlate their charges in 
the same manner as linear cations. Using osmotic pressure, we have directly probe the 
DNA−DNA intermolecular forces within PAMAM dendrimer condensed DNA 
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complexes and compared them to DNA condensed by linear arginine peptides R4 and 
R8 which carried comparable charges to G0- and G1-PAMAM PAMAM, respectively. 
All complexes studied here are found to self-assemble into columnar hexagonal 
phases. The resulting osmotic stress curves for all four systems are well described by 
a double-exponential equation fitting with fixed 2.5 and 5.0 Å decay lengths. 
Separation of the attractive and repulsive contributions to the free energy tells us 
much about the cation-dependence thermodynamic forces in these systems. We show 
that DNA assemblies condensed by hyper-branched PAMAM dendrimers display 
significantly different physical behaviors compared to linear cation-DNA assemblies. 
DNA complexes condensed by PAMAM resulted in increased repulsive forces and 
greatly reduced attractions compared to linear arginine peptides with comparable 
charges. These changes in the intermolecular forces result in higher generation 
dendrimer gives lower DNA packaging densities, the opposite behavior of linear 
cations. In addition, significant differences in pH and salt dependencies are observed 
in PAMAM dendriplexes. Our data are highly suggested that other binding modes, 
such as bridging interactions between DNA double helices, may be necessary to 
induce condensation with dendrimers. These studies begin to elucidate the role of 
cation topography in DNA condensation. 
 
 
 
 
 
 
 
Copyright © Min An 
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Chapter 5 Role of pH on DNA Condensation by Low Generation Dendrimers 
(This chapter is taken from paper “An, M.; Hutchison, J. M.; Parkin, S. R.; 
DeRouchey, J. E. Role of pH on the Compaction Energies and Phase Behavior of Low 
Generation PAMAM–DNA Complexes. Macromolecules 2014, 47, 8768-8776.” with 
permission from American Chemical Society) 
5.1 Introduction 
Gene delivery is a complicated multistep process with the ultimate goal is to 
replace a defective gene sequence with a correct version of that gene. Currently gene 
delivery focuses on using viral or non-viral vectors to delivery nucleic acids into cells 
in a safe and efficient manner.
17,110
 Viral vectors suffer from potential limitations 
including broad tropism, limited DNA packaging capacity, and the difficulties for 
large-scale production, thus it motivates the studies on the non-viral alternations.
111
 
Many non-viral systems rely on cationic polymers for both DNA packaging and 
facilitating gene delivery in vivo.
112
 The possible benefits of cationic polymers over 
the viral vectors include low immunogenicity and the ease for chemical 
modification.
59,113
 In recently years, cationic dendrimers have become attractive 
alternatives to the traditional linear polymers for gene delivery. Dendrimers are 
hyper-branched macromolecules with near uniform polydispersity and well-defined 
surface chemistries. Typically, dendrimers are built from an iterative fashion with 
concentric branching units stemming from the central core. With each growth step, or 
generation, doubling the reactive surface groups of the previous generation is 
achieved. Dendrimers have outstanding advantages compared to the linear cationic 
polymers which suffer from inherent problems including chain polydispersity and 
random attachment of the functional domains. DNA condensed by the commercial 
available cationic dendrimers such as poly(amido amine) (PAMAM) and 
polypropylenimine (PPI) are most studied dendrimer-DNA, or dendriplex, system for 
gene delivery. Both these dendrimers are capable condensing DNA and protecting 
nucleic acids from restriction nuclease.
57,58,60
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 Successful gene therapy first requires a tightly packaged DNA through 
complexation of cationic agent to DNA, and then after delivered the condensed gene 
into the cells interested, the DNA must be unpackaged. Both packaging and 
unpackaging depend on the resulting structures and forces within the polycation-DNA 
complexes. To applicate the dendriplexes successfully for therapy, there is a need to 
characterize the ultimate structure and compaction energies within the 
dendrimer-DNA complexes. Theoretical studies and simulations on semi-flexible 
polyelectrolyte interacting with charged spheres have predicted that the polymer chain 
wrap around the charged spheres and form the so-called “beads on string” (BOS) 
structures are possible.
61,114
 And similar structures also have been predicted for DNA 
condensed by high generation dendrimers.
115-118
 One of the first experimental studies 
conducted by Evans et al. showed that dendriplexes have a mesomophic nature 
forming either 2D hexagonal or square columnar mesophases with G4 and G5 PPI 
dendrimers.
63
 Further experiments with dendrimers of different chemistries and 
generations have shown highly conflicting results in terms of internal structures of 
DNA complexes. Dendriplexes with square, tetragonal, hexagonal structures, as well 
as DNA wrapping and BOS structures, have been reported as observed by small angle 
X-ray and neutron scattering (SAXS/SANS), atomic force microscopy (AFM), and 
single molecule experiments.
15,28,64,66-71,119-121
 
Using osmotic pressure coupled with SAXS, we are able to measure the 
packaging and forces within the ordered DNA assemblies directly. In an earlier study, 
we compared DNA condensed by low generation PAMAM dendrimers (G0 and G1) 
to the linear poly arginines (R4 and R8), which carried the same amount of positive 
charges at neutral pH: +4 and +8 respectively.122 The forces within the low 
generation PAMAM-DNA complexes are well described by exponential function with 
fixed 2.5 and 5.0 Å decay length. This form is consistent with the previous work on 
forces within DNA condensed by Co(NH3)6 and a wide range of linear poly 
cations.
51,52,123,124
 Using force measurements to quantitate the attractive and repulsive 
contributions to the overall forces, we have shown that DNA condensed by 
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hyper-branched PAMAM dendrimers display significantly different physical 
behaviors compared to the linear cation-DNA assemblies. These differences arise due 
to the PAMAM both having increased repulsions and significantly weakened 
attractions compared to the linear cations which carry the same amount of net charge. 
We argue that these difference arise due to that the hyper-branched dendrimer 
molecules are unable to bind into DNA grooves, as has suggested for the linear 
cations, but must use alternative binding modes such as bridging to induce 
condensation.   
In this chapter, we will discuss studies performed to better understand the pH 
effects on low generation PAMAM dendrimer condensed DNA complexes. We have 
systematically investigated the package and compaction energies within G0- and G1- 
PAMAM dendrimer-DNA complexes condensed between pH 4 and pH 8. We have 
shown that changing pH at condensation has significant effects on the observed 
structures and phase behavior of the resulting PAMAM/DNA complexes. Due to the 
present of primary and tertiary amines with different pKa values in PAMAM 
dendrimers, changing pH will directly change the total net charge carried by PAMAM. 
At low pH, or higher net dendrimer charge, tighter DNA packaging is achieved. 
Despite changing with pH, different packaging densities are achieved at equilibrium, 
or zero applied pressure, we see a convergence of the force stress curves at high 
osmotic pressure for each dendriplex system. Fits to the force curves indicate that the 
repulsive contributions for a given PAMAM/DNA system are relatively insensible to 
pH changes while the attractions vary significantly. And the scaling is linear with the 
inverse of the net dendrimer charge. At last, we also examined the salt dependence of 
phase behavior in the PAMAM/DNA complexes as a function of pH at condensation. 
A universal phase behavior has been observed in both G0- and G1-PAMAM 
dendriplexes. That is a discontinuous phase transition was observed above a critical 
salt concentration, c*. The critical salt concentration is both sensitive to dendrimer 
generation and pH at condensation.  
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5.2 Materials and Methods 
5.2.1 Materials 
Low generation PAMAM dendrimers (generation 0 and 1, ethylenediamine core, 
amine-terminated polyamidoamine) were purchased from Sigma-Aldrich (St Louis, 
MO). Before use, methanol was removed using a Labconco Centrivap at reduced 
pressure. Dendrimers were subsequently dissolved in appropriate buffer solution, and 
the final pH was adjusted with NaOH or HCl to the desired pH value (from pH=4 to 
8). Bioultra grade poly (ethylene glycol) (PEG, 8 KDa) was obtained from Fluka 
Chemical Co. and used without further purification. Highly polymerized calf-thymus 
(CT) DNA sodium salt (molecular weight ~10−15 million Da) was purchased from 
Sigma-Aldrich. High-molecular-weight chicken blood (CB) DNA (molecular 
weight > 5× 106 Da) was prepared and purified from adult chicken whole blood as 
described previously.
125
 CT and CB DNA were further purified by phenol/chloroform 
extraction to remove excess proteins followed by ethanol precipitation before use. 
After purification, both DNAs were dialyzed against 1 mM EDTA solution. The 
successful removal of protein from CB and CT DNA was verified by measuring the 
ratio of absorbance at 260 and 280 nm of DNA solutions and found to be satisfactory 
with values exceeding 1.8. 
5.2.2 Sample Preparation  
DNA was observed to spontaneously precipitate in the presence of both G0- and 
G1-PAMAM for all pHs used in this study. In preparing samples, both the DNA (CB 
or CT DNA) and dendrimer (G0 or G1) stock solutions were first separately dissolved 
in an appropriate 10 mM pH buffer. After dissolution, these stock solutions were 
further buffered with HCl or NaOH to achieve the desired final pH (pH ± 0.1). 
Buffers were used 10mM sodium acetate solution for pH 4, 10 mM MES solution for 
pH 6, and 10 mM Tris-HCl for pH 8 and pH 7.5. The double-helix structure of DNA 
is known to be stable over this pH range. Condensed DNA samples for X-ray 
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scattering were subsequently prepared in one of two ways. Concentrated PAMAM 
stock solutions were added to 1 mg mL⁄  calf-thymus (CT) or chicken blood (CB) 
DNA in 10 mM pH buffer in a stepwise fashion. Each addition was mixed thoroughly 
before adding additional PAMAM, and the process continued until all DNA was 
precipitated. Alternatively, a single aliquot of condensing cations were added to DNA 
to an equivalent final concentration. The final cation amine to DNA phosphate ratio 
was approximately 1.2 at the end point. The resulting fibrous PAMAM-DNA samples 
were then centrifuged for 10 min and transferred to a 10 mM pH buffered PEG-salt 
solution and allowed to equilibrate ~2 weeks before X-ray analysis. X-ray scattering 
profiles did not depend on the type of DNA used or the sample method employed to 
prepare the DNA precipitate. In all samples, a small excess PAMAM concentration 
was maintained in the PEG-salt bathing solution to ensure cation concentration was 
above the critical concentration for these cations as previously determined. The 
observed spacing between helices does not dependent on the excess cation 
concentration in the bath over an approximate 2−5-fold concentration range. X-ray 
scattering patterns were not observed to change even after several months of storage.  
5.2.3 Osmotic Pressure  
The method for direct force measurements by osmotic pressure has been described 
previously in detail.
123,126
 In brief, condensed DNA arrays equilibrate against a 
bathing PEG polymer solution with a known osmotic pressure. PEG chains are too 
large to enter into the condensed DNA phase, thus providing a direct osmotic pressure 
on the DNA condensates. In these samples, small molecules including water and salt 
are free to exchange between the PEG and condensed DNA phases. After 
equilibration, the osmotic pressures in both phases are the same. Osmotic pressure of 
the bathing PEG solutions were measured directly using a Wescor Vapro vapor 
pressure osmometer (model 5660). In the condensed state with low generation 
PAMAM, the DNA rods are found to be packaged in a hexagonal array for all pHs at 
low salt conditions. Using small-angle X-ray scattering (SAXS), the interaxial spacing 
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between DNA rods (𝐷𝑖𝑛𝑡) can be determined as a function of the osmotic pressure 
from the Bragg scattering of X-rays to obtain force-separation curves as described 
below. 
5.2.4 X-ray Scattering  
X-ray scattering experiments were performed using graded-multilayer focused Cu 
Kα radiation (1.54 Å) from a Nonius FR-591 rotating anode fine-focus X-ray 
generator operating at 45 kV and 20 mA. Samples were sealed in a sample cell with a 
bath of equilibrating PEG solution and mounted in a sample holder at room 
temperature. The fight path from the sample to detector was filled with helium gas to 
minimize air scattering, and the primary beam was collimated by a fine aperture beam 
tunnel. Diffraction patterns were recorded by a SMART 6000 CCD detector with 
phosphor optimized for Cu Kα radiation. Fit2D and Origin 8.0 software were used to 
analyze all images. Calibration of the SAXS sample-to-detector distance was found to 
be 23.2 cm. Bragg scattering peaks were used to determine interaxial DNA-DNA 
spacings. Bragg spacings are calculated as 𝐷𝐵𝑟 = 2𝜋 𝑄𝐵𝑟⁄ , where 𝑄𝐵𝑟  is the 
scattering vector, 𝑄  (defines as 𝑄 = (4𝜋 𝜆⁄ ) sin(𝜃), where 2𝜃  is the scattering 
angle), which correspond to the maximum in the scattering. For a hexagonal lattice, 
the relationship between the Bragg spacing and the actual interaxial distance between 
helices (𝐷𝑖𝑛𝑡) is calculated as 𝐷𝑖𝑛𝑡 = (2 √3⁄ )𝐷𝐵𝑟. For different samples equilibrated 
under the same PEG-salt conditions, 𝐷𝑖𝑛𝑡 values were reproducible to within ~0.1 
Å. X-ray scattering patterns were reproducible over several months of storage, and 
there was no significant sample degradation due to X-ray exposure. Typical exposure 
times were 120 s.  
5.2.5 Force Analysis  
G0- and G1-PAMAM are both able to condense DNA spontaneously in vitro into 
hexagonal DNA arrays with a finite separation at equilibrium between the DNA 
helices. We use the osmotic stress technique to directly probe the intermolecular 
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forces between the PAMAM condensed DNA. Previous studies indicate that 
DNA-DNA forces are well described by two exponentials at close interhelical 
distances.
51,52,123,124
 We fit the osmotic pressure 𝛱 versus the interhelical spacing 
𝐷𝑖𝑛𝑡 curves to a double-exponential equation with variable attractive and repulsive 
pre-exponential factors A and R: 
 𝛱(𝐷) = 𝛱𝑅(𝐷) + 𝛱𝐴(𝐷) = 𝑅𝑒
−2𝐷 𝜆⁄ + 𝐴𝑒−𝐷 𝜆⁄                      (5.1)                                          
with the long-range decay length 𝜆 fixed at 5 Å. This form and decay length 
constraint are the results of prior experiments that combined with osmotic stress 
measurements with magnetic tweezing experiments to independently evaluate the 
attractive and repulsive contributions to the free energies at equilibrium for several 
common cationic condensing agents.
124
  
Equation (5.1) with 𝜆 =5.0 Å has been used previously and gives very good fits 
for a variety of condensing agents including G0- and G1-PAMAM 
dendrimer.
51,52,122,127
 Results are only slightly dependent on the decay length 𝜆 over 
the range of ±0.5 Å. For condensed DNA systems, the coefficient A and R are 
connected through the interhelical equilibrium distance, 𝐷𝑒𝑞 , since 𝛱(𝐷𝑒𝑞) =0, 
resulting in a fitting equation with only a single variable, R. 
 log(𝛱(𝐷)) = log(𝑅) −
2𝐷
2.303𝜆
+ log(1 − 𝑒−(𝐷𝑒𝑞−𝐷) 𝜆⁄ )              (5.2) 
With hexagonal packing of DNA, the repulsive and attractive free energy 
contributions per DNA base pair can be calculated at any spacing 𝐷 by integrating 
𝛱dV for each exponential from ∞ to 𝐷 as 
 
∆𝐺𝑅(𝐷)
𝑘𝑇
=
√3𝑏(𝜆 2⁄ )(𝐷+𝜆 2⁄ )
𝑘𝑇
𝛱𝑅(𝐷)                                 (5.3)                                                                         
and 
 
∆𝐺𝐴(𝐷)
𝑘𝑇
=
√3𝑏𝜆(𝐷+𝜆)
𝑘𝑇
𝛱𝐴(𝐷)                                     (5.4)                                                                                 
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where 𝑏, the linear spacing between DNA base pairs, is 3.4 Å. 
5.3 Results 
pH plays an important role for both G0 and G1 PAMAM when they condense 
DNA. The equilibrium spacings get tighter when DNA was condensed by PAMAM at 
lower pH. From previously study, we observed that changing pH at condensation has 
significantly larger effects on equilibrium spacings than changing pH after the 
PAMAM-DNA complexes formation.
122
 For all the samples studied in this project, 
both PAMAM and DNA stock solutions were separately dissolved into 10 mM buffer 
solutions with appropriate pH. Then the stock solutions were titrated with     
 
 
Figure 5.1 Osmotic stress force curves are shown for G0-PAMAM/DNA as a 
function of pH at condensation. DNA and dendrimer were mixed and maintained at 
the pH indicated. Arrows indicate the equilibrium spacing in the absence of applied 
osmotic pressure. Solid lines are fits of the data to eqn(5.2) with λ=5 Å.  
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Figure 5.2 Osmotic stress force curves are shown for G1-PAMAM/DNA as a 
function of pH at condensation. DNA and dendrimer were mixed and maintained at 
the pH indicated. Arrows indicate the equilibrium spacing in the absence of applied 
osmotic pressure. Solid lines are fits of the data to eqn(5.2) with λ=5 Å. 
 
 
 
concentrated HCl and NaOH solutions to the final desired pH. After that, DNA in 
desired pH was mixed with PAMAM at the same pH to form PAMAM-DNA 
complexes. The PAMAM-DNA complexes were stabled in the same pH buffer 
solution with slightly excess of PAMAM for two weeks before measured by X-rays.   
To investigate the pH effects on energies and intermolecular forces which lead 
DNA condensed by low generation PAMAM, osmotic stress experiments coupled 
with small angle X-ray scattering (SAXS) were used in this study. Figure 5.1 and 
Figure 5.2 show osmotic stress curves for G0- and G1-PAMAM as a function of pH at 
condensation respectively. These figures are plotted log osmotic pressure value (Π) 
verse the equilibrium interaxial spacing (𝐷𝑖𝑛𝑡) between DNA helices. The arrows in 
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the figures indicate the equilibrium spacings for the PAMAM-DNA complexes in the 
absent of applied osmotic pressure. All the curves were well described by the double 
exponential formulas described above. The solid lines are fitting lines to Equation (5.2) 
with a decay length fixed (λ) at 5 Å. These fitting lines allow us to separate the net 
energy into repulsive and attractive contributions for free energy. 
 
Cation pH 
Deq 
(Å) 
𝜫𝑹(25Å) 
(10
8
 erg cm
-3
) 
𝜫𝑨(25Å) 
(10
8
 erg 
cm
-3
) 
∆𝑮𝑹(25Å) 
kT 
per base 
pair 
−∆𝑮𝑨(25Å) 
kT 
per base 
pair 
G0 
PAMAM 
4 30.1 2.30 0.82 2.27 1.76 
6 30.5 2.25 0.75 2.22 1.61 
7.5 30.9 2.29 0.70 2.26 1.50 
8 31.6 2.32 0.62 2.29 1.33 
G1 
PAMAM 
4 29.7 2.72 1.06 2.69 2.28 
6 30.7 2.61 0.84 2.58 1.81 
7.5 32.0 2.67 0.66 2.64 1.42 
8 33.5 2.83 0.52 2.79 1.11 
Table 5.1 The equilibrium interhelical spacings (±0.1 Å) from x-ray measurements 
and repulsive and attractive force component contributions to osmotic pressures and 
free energies (±5%) for G0 and G1 PAMAM condensed DNA at different pHs.  All 
values are calculated from fits to force curves and shown for 25 Å separations or 5 A 
between DNA helices.   
 
At all pH values studied here, DNA can be condensed by both G0- and G1 
PAMAM into a hexagonal packaging spontaneously at equilibrium (i.e. 𝛱 = 0). At 
equilibrium, we see that the equilibrium interhelical spacings (𝐷𝑒𝑞) are pH-dependent 
for both G0- and G1-PAMAM. And the tightest packaging was observed at low pH. 
The equilibrium spacing for G0-PAMAM condensed DNA changes from 30.1 to 31.6 
Å (±0.1 Å) from pH4 to pH8 as showed in Table 5.1. G1-PAMAM molecules have 
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more primary and tertiary amines than G0. The net charges for G1 are quite different 
in the pH range we studied. So there is a larger difference of 𝐷𝑖𝑛𝑡 for G1, from 29.7 
to 33.5 Å (±0.1 Å), than for G0 over the same pH range studied here.    
In Table 5.1, it also shows the pH-dependent osmotic pressure contributions, 𝛱𝑅 
and 𝛱𝐴 , and the repulsive and attractive free energy distribution, ∆𝐺𝑅  and ∆𝐺𝐴 , 
which were calculated from the osmotic stress curve fits and evaluated at 25 Å 
interhelical spacing or equivalently to 5 Å water layer separating DNA helices. From 
the table, we can continuously see that 𝐷𝑒𝑞  decreases as the pH decrease. The 
smaller 𝐷𝑒𝑞 at the absent of applied pressure means the higher the package density. 
This increase packaging density could be due to the decreasing of repulsive force 
or/and increasing of attractive force with the pH decreasing at condensation. Free 
energy contributions for both G0- and G1-PAMAM condensed DNA system shows 
that the repulsive energy distribution is pH independent while the attractive energy 
distribution is highly sensitive to the pH change, and the largest values were measured 
at the low pH. Lastly, we also show the pH dependence of the net ∆G per base pair in 
Table 5.1. The expression for ∆𝐺𝑁𝐸𝑇 is ∆𝐺𝑁𝐸𝑇 = −(∆𝐺𝐴(𝐷𝑒𝑞) + ∆𝐺𝑅(𝐷𝑒𝑞)). The 
calculated ∆𝐺𝑁𝐸𝑇  is quite small (< 0.6  kT/DNA bp), which consists with the 
experimentally measured results from magnetic tweezing experiment of DNA 
condensed by multivalent cations.
124
  
PAMAM dendrimers have both primary and tertiary amine groups with different 
pKa values, so this results in a pH-dependent protonation states. For G0-PAMAM 
there are 4 primary amines and 2 tertiary amines while for G1-PAMAM there are 8 
primary amines and 6 tertiary amines. At neutral pH, the tertiary amines almost have 
no charges at all, but the primary amines are completely protonated. So at neutral pH, 
the positive charges carried by G0- and G1-PAMAM are +4 and +8 respectively. 
Lowering the pH value further will increase the charges carried by PAMAM, because 
of the protonation of tertiary amine groups. Using the protonation degree estimated of 
Cakara et al.
101
, we calculated to first approximation the nominal net charges carried 
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by G0-PAMAM is approximately from +3.5 to +5.1, and G1-PAMAM is 
approximately from +7 to +13 over the range of pH 8 to pH 4. Figure 5.3 shows the 
measured repulsive and attractive free energy distributions depend on the inverse 
value of the estimated net charges carried by PAMAM dendrimers, N. The repulsive 
free energies for G1-PAMAM/DNA system are measured to be 18% greater than 
G0-PAMAM/DNA over the pH range studied here. However, for both of the 
PAMAM/DNA systems, there is only a slight variation (< 4%) for the magnitude of 
repulsive free energy distribution as a function of the dendrimer net charge, N. In 
contrast, the attractive free energy distribution varies greatly with changing of N. For 
both G0- and G1-PAMAM condensed DNA systems, the scales of ∆𝐺𝐴 has a linear 
relationship with the inverse of the estimated net charge of dendrimer, N. This 1/N 
 
 
Figure 5.3 Dependence of the free energy contributions, ∆𝐺𝑅  (open) and ∆𝐺𝐴 
(filled), evaluated at 25 Å for G0- and G1-PAMAM condensed DNA as a function of 
the inverse net charge, N, of the PAMAM estimated for the various pH’s used in this 
study. 
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behavior in attractions is consistent with the attractions measured in homogenous 
linear cation condensed DNA systems in previously study, such as alkylamines, 
lysines and arginines.
51,52
  
Figure 5.4 is a summary of observed changed of Bragg spacings (𝐷𝐵𝑟) for G0- 
and G1-PAMAM complexes with the increase concentration of added NaCl salt.  
The complexes were condensed at pH 4-pH 8 respectively. We plotted the 
dependence of Bragg scattering here in case to avoid the complications which brought 
by the possible phase transition happened in the DNA complexes with the increasing 
of salt concentration. Figure 5.4A and 5.4B show the DNA Bragg spacings for G0- 
and G1-PAMAM/DNA complexes as a function of NaCl salt concentration. Figure 
5.4C and 5.4D show the absolute change of Bragg spacings compared to the Bragg 
spacing ( 𝐷𝐵𝑟 − 𝐷𝐵𝑟,𝑒𝑞 ) without addition NaCl for G0- and G1-PAMAM/DNA 
complexes respectively. From the figures, we can see that at all pHs, for both G0- and 
G1-PAMAM condensed DNA systems, the Bragg spacings swell up with the 
increasing of NaCl concentration. The swelling behavior of Bragg spacings is not 
only highly depended on the dendrimer used but also the pH at condensation. Where 
the Bragg scattering is observed, the observed changing of Bragg spacings have two 
regimes with two different slopes, or rates of swelling, with added salt. We define a 
critical concentration, c*, as the salt concentration where the two slopes cross together. 
For G0-PAMAM/DNA systems, the c* was observed changing from ~75 mM NaCl 
when DNA condensed at pH 8 to 150 mM NaCl when condensed at pH 4. Similarly, 
for G1 PAMAM/DNA complexes, c* changed from 200 mM NaCl to nearly 460 mM 
over the same pH range. At higher salt concentration, the Bragg scatterings are 
completely lost for the samples and no reflections are observed. 
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Figure 5.4 (A) Bragg spacing dependence as a function of added NaCl concentration 
for G0-DNA and (B) G1-DNA condensed systems at different pHs. (C) and (D) plot 
the change in the Bragg spacing relative to DBr in 10 mM monovalent buffer without 
added salt (DBr,eq). The equilibrium solutions show no Bragg scattering at the next 
higher salt concentration in each series. 
 
At salt concentration below c*, the Bragg reflection for G1-PAMAM/DNA 
complexes is observed to shift to lower Q, or equivalent to a larger DNA-DNA 
spacing, but the peak shape was maintained with added salt. In contrast, we observe 
significant peak broadening at salt concentration at c* or higher than c*. In Figure 5.5, 
we show this peak broadening behavior for G1-PAMAM/DNA complexes condensed 
at two different pHs under high salt concentration. Here we plotted normalized SAXS 
scattering density ( 𝐼 𝐼𝑚𝑎𝑥⁄ ) as a function of the scattering vector Q for 
G1-PAMAM/DNA complexes condensed at pH 4 and pH 8 under both low and high 
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added salt concentrations. For G1-PAMAM/DNA condensed at pH 4, we plot 0 and 
525 mM added NaCl salt. For G1 complexes condensed at pH8, we plot 0 and 250 
mM added NaCl, where 250 mM NaCl is already above the c*. When above c*, the 
Bragg reflection peak simultaneously shifts to a lower Q and broadened with added 
salt as we observed here. Equivalent results are also seen for the G0-PAMAM/DNA 
complexes. (Not shown here.) 
Figure 5.6 shows that we can manipulate the salt dependent phase behavior for 
G1-PAMAM/DNA complexes, which are condensed at different pHs studied here, 
into one single line. Here plotted the relative change of the Bragg spacing 
(𝐷𝐵𝑟 𝐷𝐵𝑟,𝑒𝑞⁄ ) as a function of the added salt concentration normalized by the critical 
salt concentration, c*, for each pH/cation system ( c c∗⁄ ). Here, 𝐷𝐵𝑟,𝑒𝑞  is the 
equilibrium Bragg spacing for dendriplexes without added NaCl salt. The slopes at all 
pHs for G1-PAMAM/DNA complexes are quite similar in both regimes, above or 
below c*. As we discussed above, the scattering profile shows significant peak width 
broaden when the added salt concentration at or above c*. To quantify the peak 
broadening, in Figure 5.6B we plotted the average in-plane correlation lengths, ξ, as a 
function of c c∗⁄ . ξ was calculated from the full width at half-maximum of the 
observed Bragg scattering peak, as ξ = 2𝜋 ∆𝑄𝐵𝑟⁄ . 
This correlation length reflected the in-plane, long range ordering of DNA helices 
in the system. Below c*, though there is a little variations of ξ between samples, the 
correlation length remains fairly consistent and independent of pH. The typical value 
for ξ is a number between 220-300 Å when the salt concentration below c* and there 
is no significant variations of ξ with the added salt concentration increasing.  
However, at or above critical concentration, we see a dramatic decrease of the 
correlation length for G1-PAMAM/DNA complexes at all three pHs, and the 
correlation length decreases continuously with the increasing of added salt 
concentration. Eventually, sufficient salt is added that no further Bragg scattering was 
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observed. The last regime was reflected that there was an isotropic web formed by 
DNA and PAMAM or the sample was totally dissolved.  
 
  
Figure 5.5 Scattering profiles for G1-DNA assemblies at (A) pH 4 and (B) pH 8 for 
both low salt and high salt conditions. Shown is the normalized intensity (I/Imax) as a 
function of scattering vector Q. 
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Figure 5.6 (A) Normalized DBr spacing and (B) in-plane correlation lengths, 
ξ = 2𝜋 ∆𝑄𝐵𝑟⁄ , for DNA condensed with G1-PAMAM at different pH as a function of 
the salt concentration normalized by the critical salt concentration for each system 
(c/c*). A discontinuous phase transition occurs at c* where both the salt sensitivity 
and the long-range order of the PAMAM/DNA condensed phase are significantly 
altered. 
 
5.4 Discussion  
In vitro condensation of high molecular weight DNA by a variety of multivalent 
cations has been studied extensively. Spontaneous packaging of DNA into hexagonal 
arrays typically occurs in the presence of cations with net charge of +3 or higher.
20,21
 
DNA helices in these packaged arrays do not touch but are separated by ~5−15 Å of 
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water, equivalent to a few monolayers of water. 
128
 This water present is indicative of 
a balancing of attractive and repulsive thermodynamic forces within the condensed 
cation/DNA phase. In the presence of condensing cations, there is a substantial 
reduction of the repulsive electrostatic interaction between DNA helices. This 
reduction, however, does not by itself account for the attractive interaction measured, 
indicating DNA condensation requires more than just counterion condensation.
20
 
Most current theoretical models therefore require correlation of charges or water 
structures between DNA helices to account for the magnitude of the experimentally 
determined attractions stabilizing condensed DNA.
23,24,107,128,129
 A convenient means 
to accomplish such correlations is to presume that cation binding occurs in one of the 
grooves of the DNA helix, thus coordinating charges, or restructuring the water 
molecules, along these interfaces. In this model, cations bind in grooves and allow the 
bound positive charges on one DNA to correlate to negative phosphate backbones on 
an apposing DNA molecule. Some experimental results suggest that linear cations do 
indeed bind in the grooves of DNA though it is not clear if this binding is in the major, 
minor, or both grooves.
90,102-105
  
Hyperbranched molecules, such as dendrimers, present a significant problem for 
such groove binding models. Even for low generations, the size of the dendrimer 
already approach or exceed the dimensions of even the major groove of DNA. The 
major groove in B-DNA is approximately 8.5 Å deep and 12 Å wide. In comparison, 
the diameter of G0-PAMAM molecule has a diameter of ~ 15 Å, while the 
G1-PAMAM has a diameter of 22 Å. We would anticipate therefore that PAMAM is 
not likely capable of coordinating in DNA grooves in the same manner as has been 
proposed for linear cations. Recently, using osmotic force measurements, we showed 
that low generation PAMAM dendrimers condense DNA in hexagonally packaged 
arrays, but their dependence on cation charge at near neutral pH is completely 
different than comparably charged linear cations.
122
 We proposed the differences are 
likely due to that PAMAM using other binding modes, such as cation bridging 
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between DNA double helices, to condense DNA as has been proposed by others 
theoretically and experimentally.
63,70,97
  
In this chapter, we are interested in understanding the effect of pH on the 
intermolecular forces in DNA condensed by low generation PAMAM and the 
resulting phase behavior and salt stabilities of the complexes. Our earlier experiments 
showed that condensing DNA with PAMAM at a specific pH alters DNA packaging 
more strongly than changing the pH after dendriplex formation.
122
 These results most 
likely suggest that the pKas of the PAMAM amines, once bound, are shifted and their 
ability to protonate or deprotonate are different than unbound PAMAM in solution. 
To keep samples as uniform as possible, we have made all the samples here by first 
pH buffering the DNA and the dendrimer separately and then mixing the solutions to 
condense at the desired pH. After condensation, samples were maintained at the same 
pH with 10mM buffer solutions.  
The ability for G0- and G1-PAMAM to spontaneously condense DNA at all pHs 
in our experiments is consistent with the net valency exceeding +3 in all the samples. 
As discussed in the Result section, G0 is estimated to be +3.5 to +5.1 and G1 is 
estimated to be +7 to +13 over the pH range of 8 to 4. At equilibrium (i.e. 𝛱 = 0), 
we see a pH-dependent interaxial spacing (𝐷𝑒𝑞) for both PAMAM/DNA systems. As 
DNA has a 2 nm diameter, these interaxial spacings indicate ~10.1−11.6 Å of water 
for G0-PAMAM/DNA system, and ~9.7−13.5 Å of water between helices in 
G1-PAMAM/DNA depending on pH. All these spacings are smaller than the G0- and 
G1-PAMAM molecule diameters in solution. While larger generation dendrimers are 
thought have spherical shapes, low generation dendrimers are believed to be more 
disk-like in shape.
130
 This molecule shape may allow G0 and G1 to condense DNA to 
spacings smaller than the PAMAM diameters. 
We previously showed that homologous linear cations, such as alkylamines, 
arginines, or lysines, converge at high osmotic pressure to the same repulsive limit 
regardless of cation length or charge for a given cation species.
51,52
 The magnitude of 
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the repulsions however changed with the cation chemistry. The attractions in all these 
linear cation systems are shown to have a very similar ~ 1 𝑁⁄  dependence, where 𝑁 
is the charge of polycations. We argued the 1 𝑁⁄  dependence likely arises from 
translational entropy of the bound cations where, for example, there is less loss of 
entropy in correlating one +3  counterion than three + 1 ions. Although the 
chemistries of G0- and G1-PAMAM are essentially identical, we observe here by 
force measurements that at near neutral pH the different PAMAM/DNA complexes 
do not converge to the same repulsive limit. If we compare the data for pH 7.5 given 
in Table 5.1, the measured attractions for the two PAMAM generations are nearly 
identical despite G1-PAMAM being +8 and G0-PAMAM is being +4 at this pH. 
Repulsions, however, are larger for G1-PAMAM/DNA. Combined, these forces result 
in G1-PAMAM/DNA being more loosely packaged than G0-PAMAM/DNA at 
neutral pH despite being more highly charged−directly opposite to what is observed 
for homologous linear cations. 
Focusing on the effect of pH on the forces, we see that for a given dendriplex 
system, despite starting at very different interaxial spacings at equilibrium, both G0- 
and G1-PAMAM condensed DNA converge to the same high pressure limit for all 
pHs studied as shown in Figures 5.1 and 5.2. This convergence is better in 
G0-PAMAM/DNA than in G1-PAMAM/DNA complexes, perhaps reflecting 
increased steric effects in the larger generation dendrimer. Using the estimates of 
residual net charge, we can also determine the dependence of the attractive and 
repulsive free energy contributions for the PAMAM dendriplexes as a function of the 
inverse dendrimer charge N (Figure 5.3). For both dendriplex systems, the respective 
∆𝐺𝑅 are relatively insensitive to pH and show little dependence (<4%) on dendrimer 
charge. The magnitude of the short-range repulsive force in DNA condensed by 
G1-PAMAM is seen to be ~15% higher than G0-PAMAM at all pHs. In contrast, the 
attractions vary significantly with the inverse charge of the dendrimer, comparable to 
attractions observed for linear DNA condensing agents. Over the pH range of 8 to 4, 
∆𝐺𝐴 values are seen to increase ~24% for G0-PAMAM and ~50% for G1-PAMAM. 
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Surprisingly, the magnitudes of the attractions are quite similar for G0 and G1 over 
pH 6 to 8 despite large differences in the net charge of the two dendrimers. Ultimately, 
G1-PAMAM does have a greater change in the attractions, and we observe that at pH 
4 the increased attractions allow G1-PAMAM for the first time to condense DNA 
more tightly than G0-PAMAM at the same pH. It is interesting to note that 
extrapolating the force data suggests that, while trivalent or higher is typically 
sufficient to condense DNA, an approximately +5 G1-PAMAM would not be able to 
condense DNA primarily due to the weak attractions of the hyperbranched dendrimer 
compared to similarly charged linear or inorganic cations. How exactly the dendrimer 
molecules are arranged within the condensed phase still remains to be determined. 
The salt dependence of the DNA−DNA spacings without applied pressure was 
also determined for G0- and G1-PAMAM dendriplexes condensed at different pHs 
(Figure 5.4). For all systems, added NaCl salt causes the DNA packaging to swell, 
resulting in larger spacings. We previously observed that salt dependencies in 
protamine−DNA are highly dependent on the salt species, not just charge.54 Added 
salt does not simply screen electrostatic attractions in the cation condensed DNA 
phase but acts through some complicated combination of electrostatic screening, 
anion binding to the bound cation, and/or cation competition with the bound cation for 
DNA binding. Here, for PAMAM condensed DNA, we see large changes in the 
DNA−DNA spacings increasing as much as 7.5 Å for G1-PAMAM/DNA with added 
NaCl salt (Figure 5.4 D). There are also two unique salt regimes observed for both 
PAMAM/DNA systems. At low salt, with DNA packaged tightly in a hexagonal array, 
we observe a slow swelling regime. Then at a specific critical salt concentration, c*, a 
phase transition occurs, and a much faster rate of swelling is observed with additional 
added salt. Both the rate of swelling and c* magnitude depend on the PAMAM 
generation number and the pH at condensation. Significantly higher NaCl 
concentration is needed to induce the discontinuous phase transition with 
PAMAM/DNA condensed at low pH compared to high pH. Also, the more highly 
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charged G1-PAMAM/DNA results in higher c* for all pHs compared to 
G0-PAMAM/DNA.   
Scattering profiles before and after c* are consistent with the salt-induced melting 
transition (Figure 5.5). Below c*, sharp Bragg reflections are observed to maintain 
their sharpness but shift to lower Q, or equivalently larger DNA−DNA spacings, with 
added salt. At c*, the observed Bragg reflections are significantly broader. Above c*, 
these broad reflections simultaneously shift to lower Q and broaden with further 
added salt. These results suggest a discontinuous phase transition occurring at c* from 
a tightly packaged hexagonal DNA array at low salt to a more loosely organized, 
fluctuation dominated phase above c*−most likely a cholesteric liquid crystalline 
phase. The cholesteric phase of DNA observed at high salt is characterized by 
increased positional disorder and greater sensitivity to configuration fluctuations with 
added salt. Eventually, enough salt is added to disrupt DNA order sufficiently that all 
Bragg scattering is lost. Because of the relatively high concentration of DNA and 
cation in our X-ray samples, this likely is an isotropic network phase of PAMAM and 
DNA chains forming at high salt. Similar salt-dependent phase transitions were 
observed for linear cation/DNA complexes including polylysine, polyarginine, and 
spermidine.
76,131
 For the linear cations, the critical salt concentrations were highly 
dependent on the nature of the cation used to condense DNA. In our study, the 
chemical makeup of our two PAMAM systems are nearly identical; thus, the observed 
differences in c* are most likely resulting from differences in the net charge of the 
dendrimer and the ability of the monovalent salt to compete with the polyvalent 
PAMAM molecules. The hexagonal−cholesteric transition, however, is likely a 
complicated combination of chain configurational entropy and ion binding 
competition that is not easily understood. Recently, similar phase transitions between 
a square, a hexagonal, and a “bead on a string” phase were reported for 
G4-PAMAM/DNA as a function of the charge ratio of amines to phosphates and the 
degree of protonation (dp).
28
 In these samples, dp was adjusted after complex 
formation by addition of concentrated acid or base. 
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Lastly, we show that we can collapse all of the G1-PAMAM/ DNA salt data to a 
single curve by plotting the relative increase in Bragg spacing (𝐷𝐵𝑟 𝐷𝐵𝑟,𝑒𝑞⁄ ) as a 
function of the salt concentration normalized by the critical salt concentration (c c∗⁄ ) 
for each pH/salt system. Similar results are seen with G0-PAMAM/DNA (not shown). 
This universal behavior suggests that there is a common physical origin for the 
observed discontinuous phase transition that is independent of pH for a given 
PAMAM/DNA system. Despite each G1-PAMAM/DNA starting from its own unique 
pH-dependent packaging state without added salt, we unexpectedly see all three pH 
samples swell ~ 10% from their original Bragg spacing before reaching the 
salt-induced melting transition at c* to a more loosely ordered array. Once above c*, 
G1-PAMAM condensed at pH8 swells an additional 20%, while G1-PAMAM 
dendriplexes condensed at pH 4 and 6 swell approximately 30% more before Bragg 
reflections are lost. The average in-plane correlation lengths, ξ, also change 
dramatically at c*. Below c*, G1-PAMAM has correlation lengths ξ of ~220−300 Å 
(or approximately 7−10 DNA repeats) for all three pHs. Near c* we observed ξ 
quickly drops to just a few DNA repeats for all the samples. Once in the fluctuation 
dominated cholesteric phase, the PAMAM/DNA is increasingly sensitive to 
monovalent salt and the complex opens up quickly, becoming highly disordered until 
all Bragg scattering is lost. 
5.5 Conclusion 
In this paper, we describe the role of pH on the packaging, compaction energies, 
and phase behavior for DNA condensed by low generation PAMAM dendrimers. At 
equilibrium, in low salt conditions, all samples are consistent with DNA being locally 
hexagonally packaged by the PAMAM dendrimers. Using osmotic pressure, we 
directly measured the intermolecular forces in G0- and G1-PAMAM/DNA 
condensate as a function of pH at condensation. By separating the repulsive and 
quantifying the attractive and repulsive free energy contributions, we show that 
repulsions for a given PAMAM generation are nearly unaffected by pH while the 
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observed attractions scale approximately linearly with the inverse of the dendrimer 
charge. Changes in pH at condensation also greatly influence the resulting phase 
behavior for PAMAM dendriplexes. For all systems, a hexagonal to cholesteric phase 
transition is observed with the addition of monovalent salt. The critical salt 
concentration, c*, required to induce this melting transition is observed to be 
dependent on both PAMAM generation number and the pH at condensation. Together, 
our results suggest that pH and salt play a central role in tuning the intermolecular 
forces and packaging within the PAMAM/DNA condensed phase. The ability to 
manipulate these forces is essential for therapeutic uses of PAMAM, such as 
successful gene delivery.  
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Min An 
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Chapter 6 Packaging of DNA by G4 PAMAM and Zwitterionic G4 PAMAM 
6.1 Introduction 
Poly(amidoamine) (PAMAM) dendrimers are highly symmetrical branched 
molecules with precisely defined size and molecular weight.
2,132,133
 Due to its ability 
to condense DNA and protect it from damage by nuclease enzymes, PAMAM has 
been studied for its potential as a non-viral gene vector.
60,134,135
 PAMAM was one of 
the first commercially available dendrimers and is thus one of the most widely studied 
vectors for the delivery of drugs and genes.
136-140
 However, the development of 
PAMAM, and most polycations, for gene delivery is hindered by cytotoxicity in many 
cell lines and tissues.  
For efficient transfection, PAMAM-DNA dendriplexes are usually mixed at high 
nitrogen-to-phosphate (N/P) charge ratios resulting in effective colloidal particles 
(typically < 150 nm in diameter). Excess PAMAM is also required for the formation 
of sufficiently small, stable nanoparticles for efficient cellular uptake. PAMAM-DNA 
nanoparticles have a highly positive surface charge limiting their use for in vivo 
applications because of undesired, unspecific interactions with blood components, 
proteins, or non-target cells. To reduce these unspecific interactions, most studies 
have tried two methods with various degrees of success: (i) the incorporation of 
uncharged hydrophilic polymers, typically poly(ethylene glycol) (PEG),
141-143
 to 
shield polyplexes or (ii) incorporation of a polyanion to form a ternary complex of 
nucleic acid, polycation and polyanion.
144-146
 These methods have proven effective to 
lower particle surface charge, increase stability in the presence of salt, and reduce 
interactions with blood components, thus increasing the particle suitability for in vivo 
application. Incorporation of polyanions has also been proposed to loosen the 
complex and facilitate unpackaging thus improving transfection efficiency over 
PAMAM/DNA alone. 
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The large excess of unbound PAMAM is also problematic as free polycations are 
also known to be toxic to cells.
147,148
 Recent work has suggested that cell interactions 
with the polycation play a critical role in controlling transfection efficiency.
149,150
 
Using fluorescence correlation spectroscopy, DeRouchey has previously shown that 
in at least one PEGylated ternary system that only a small fraction of the polyanion is 
actually binding to the polyplex.
151
 A significant fraction of the polyanion is involved 
in making “ghost particles” by binding up the loose polycations. The reduction in free 
polycations leads to significantly reduced toxicities, which plays an important role in 
increased transfection. More recently, approaches that reduce the net charge of 
PEI-DNA polyplexes, such as acetylation of polyethylenimine (PEI) primary amines 
or incorporation of charge-shifting side chains, have been explored by Dr. Dan Pack 
and others to control packaging/release from complexes while minimizing 
cytotoxicity.
152-154
 This approach was recently extended to acetylated PAMAM also 
showing improved transfection over unmodified PAMAM/DNA.
144,146,155
 
In an attempt to improve PAMAM transfections, we proposed the synthesis of 
modified PAMAM dendrimers by reaction with succinic anhydride, which will reduce 
the number of primary amines and introduce negatively charged carboxylate moieties. 
In this manner, we generate a series of these zwitterionic PAMAMs (zPAMAM) that 
will allow for a systematic tuning of polymer-DNA interactions. Previous work by the 
DeRouchey lab has shown that zwitterionic linear polymers (phosphorylated 
protamines) are surprisingly capable of condensing DNA. Our hypothesis is that 
zwitterionic PAMAM will provide the ability to tune polymer-DNA interactions 
leading to polyplexes with enhanced intracellular unpackaging and more efficient 
gene delivery. We also hypothesize zPAMAM will result in polymer carriers with 
reduced cellular toxicity. As a first step to this study, zPAMAM with varying degrees 
of modification were synthesized by the group of Dr. Vincent Rotello of the 
University of Massachusetts Amherst and kindly provided to us. In our study, we will 
focus on 15%, 24%, 40% and 100% modified z-PAMAM all synthesized from 
commercially available G4-PAMAM. The goals of this chapter are to investigate 
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DNA condensation by zPAMAM and compare the resulting structures and phase 
behavior to unmodified PAMAM/DNA. 
6.2 Material and Methods 
6.2.1 Material 
NaN3, HCl, NaOH were purchased from Sigma. 1 M Tris pH 7.5 buffer was 
purchased from Mediatech Inc. 50× TAE buffer was purchased from Omega Bio-tek 
(Norcross, GA). Heparin sodium salt from porcine intestinal mucosa was purchased 
from Sigma-Aldrich. PUC18 plasmid DNA was amplified by transformation and 
purified by plasmid extraction in our lab. High molecular weight DNA(>5×106) was 
prepared and purified from adult chicken whole blood as described previously.
98
  
Deionizeded water was prepared with Millipore water purification system. All 
chemicals were used without further purification. 
PAMAM dendrimers (generations 4, ethylenediamine core, and amine-terminated 
polyamidoamine, in 10% methanol) were purchased from Sigma-Aldrich (St Louis, 
MO). Modified G4-PAMAMs were synthesized in the laboratory of our collaborator 
(Dr. Vincent Rotello, University Massachusetts). Reactions of PAMAM with succinic 
anhydride were performed in 50 mM sodium bicarbonate buffer (pH 9). The 
anhydride reacts with the primary amines of the surface groups on PAMAM 
dendrimer to form carboxylic acid surface groups. Percent modification was 
controlled by PAMAM: Anhydride feed ratios in the reaction. NMR was used to 
quantify the amine/carboxylate ratios to determine the percent modification. Five 
zPAMAMs were used in this study: 0%, 15%, 24%, 40% and 100 % modification. 
6.2.2 pUC18 Plasmid Transformation into E. coli 
The LB broth petri dish with penicillin (1:1000) was prepared ahead of 
transformation. Competent cells stored at -80 C were removed and placed in an ice 
bath until required. Approximately 1 ng pUC18 plasmid DNA was added to 20 L of 
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competent cells then incubated on ice for 30 min. After incubation, hot shock the cells 
at 42 ℃ for 90 seconds. After heat shock, cells were cooled down on ice for 5 min. 
The competent cells were then placed in 900 μL SOC broth in a Fallon tube. The cells 
were then incubated at 37 ℃ with continuous shaking for 2 hours. 100 μL of this 
solution was then plated onto the LB petri dish loaded with ampicillin and spread until 
there was no extra solution observed on the plate. We found that to increase the 
success of transformation it was best to always warm up the plate at 37 ℃ before 
putting the cells on it. Plates were then incubated upside down overnight at 37 ℃. 
Only cells successfully transformed with pUC18 plasmid will grow on the plate. One 
colony was picked using a sterilized tip and placed into 1 mL BL broth with penicillin 
and incubated for ~ 8 hours. 500 mL of this cultivated bacterial solution was then 
added to 400 mL LB broth with penicillin and incubated with shaking overnight.    
6.2.3 Plasmid Extraction 
pUC18 Plasmid DNA was extracted using a EZNA Plasmid DNA max kit from 
OMEGA bio-tek following manufacturer’s protocol. In brief, cells were collected by 
centrifuging at 4000 g for 10 min and discarding the supernatant. Care must be taken 
to discard all the supernatant or the plasmid DNA quality will be low. Collected cells 
were resuspended in 12 mL of solution A with RNase A. 12 mL of solution B was 
then added and incubated for 2 min at room temperature with gentle mixing to lysate 
the cells. After incubation, 16 mL of solution C was added with gentle mixing to 
neutralize the basic solution B. The mixture was then centrifuged at maximum speed 
for 10 min. During this process, the plasmid of interest remains in solution while the 
other cell components precipitate into a white pellet. After centrifugation, the 
supernatant was transferred to a HiBind DNA Maxi column. Plasmid DNA binds to 
the column. The column was centrifuged at 4000 g for 5 min and the supernatant 
discarded. Wash the other cell components bonded on the column twice with 10 mL 
HBC buffer at maximum centrifuge speed (HBC buffer must diluted with isopropanol 
before use). Then the column was centrifuged at maximum speed for 10 min, and 
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DNA was eluted using 3 mL of deionized water. The quality and concentration of the 
plasmid was verified by UV-Vis.  
6.2.4 Gel Retardation Assay  
To determine DNA condensation efficiency by G4-PAMAM and zPAMAM, 
PAMAM/plasmid complexes were prepared at various amine to phosphate (N/P) 
charge ratios ranging from ~N/P = 0 to N/P = 4. 1μg of pUC18 plasmid DNA was 
used per sample with varying zPAMAM amounts. By mass, the cation added ranged 
from 0 to 2.7 g PAMAM, respectively. After 10 min of incubation at room 
temperature for complex formation, each sample was brought to the same total 
volume of 10 μL by addition of DI water. 1 L of 10X loading buffer was then added 
to each sample before loading on the agarose gel for electrophoresis. The samples 
were electrophoresed on a 1% (w/v) agarose gel using 1X TAE buffer (40 mM Tris 
pH 8, 20 mM acetic acid and 1 mM EDTA) at 120 V for approximately 2 hours.  
After electrophoresis, the gel was stained with ethidium bromide solution (0.5 g/mL) 
for 1 hour followed by a 30 min destaining with 1X TAE buffer. Gels were analyzed 
on a UV illuminator to show the location of the DNA. 
6.2.5 Dissociation of DNA from Complexes 
DNA stability in the PAMAM complexes was assessed using gel electrophoresis 
to visualize DNA release from the dendriplexes. 1 g pUC18 plasmid DNA was first 
condensed by 4 g PAMAM or following the protocol described in 6.2.4. 4 g was 
found to be sufficient for complete DNA condensation for all percent modifications of 
PAMAM except 100%.After addition of PAMAM to the DNA solution, the total 
volume for each sample was brought up to 10 μL by addition of DI water and samples 
were incubated at room temperature for 10 min. Then varying amounts of dextran 
sulfate were added to the dendriplexes followed by the addition of DI water to bring 
all samples to final total volume of 15 L. The dendriplex/heparin samples were 
  
91 
 
incubated for 20 min at room temperature to allow for dissociation before loading on 
the agarose gel for electrophoresis.    
6.2.6 Dynamic Light Scattering (DLS) Measurements 
The size and the size distribution of PAMAM/DNA dendriplexes was 
characterized by means of dynamic light scattering measurements using a Malvern 
Zetasizer Nano S90 instrument employing a 4 mW He−Ne laser operating at a 
wavelength of 532 nm and Refractive index detector. Approximately 3.75 μg of DNA 
was used per sample and condensed with ~10 μg of G4-PAMAM or zPAMAM. This 
corresponds to an N/P ratio of 6 with unmodified PAMAM. After mixing the polymer 
with DNA in a cuvette, samples were equilibrated for 10 min to allow for 
equilibration before recording the spectrum. Before DLS measurement, each sample 
was brought to the same total sample volume of 500 μL. Autocorrelation functions 
were convoluted using Zetasizer Nano software. 
6.2.7 Sample Preparation for X-ray Analysis 
DNA dendriplexes were prepared from mixtures of purified chicken blood DNA with the 
desired cationic polymer. DNA-DNA spacings are generally independent of DNA 
molecular weight over a broad range; for example the equilibrium DNA-DNA interhelical 
spacing for spermine condensed DNA are in very good agreement for high molecular 
weight DNA,76 150 bp DNA,156 and 25 bp oligonucleotides.157 In addition, we previously 
showed DNA-DNA spacings were also equivalent for polyplexes formed by various 
cations condensing either linear or plasmid DNA.55 In this work, we used two different 
methods for the preparation of PAMAM/DNA samples for analysis by X-rays: which 
we will refer to as ‘low’ and ‘high’ salt preparation. The low salt preparation is the 
same sample preparation discussed in Chapters 4 and 5. Approximately 250 μg 
chicken blood (CB) DNA were used per x-ray sample. Concentrated PAMAM stock 
solutions were added to 1 mg/mL CB DNA in 10 mM pH buffer in a stepwise fashion. 
Each addition was mixed thoroughly before adding additional PAMAM, and the 
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process continued until all DNA was precipitated. Alternatively, in the high salt 
preparation, DNA and PAMAM solutions were dissolved separately in a 2 M NaCl 
salt solution with Tris buffer. Again ~250 g of DNA was used per x-ray sample. 
Based upon the required PAMAM to condense all the DNA observed in the low salt 
preparation, a sufficient amount of PAMAM or zPAMAM was added to the DNA to 
ensure complete condensation. The high salt concentration prevents condensation 
from occurring and allows thorough mixing of the dendrimer and DNA in the solution. 
Precipitation was subsequently induced by dilution with additional Tris buffer 
solution resulting in a solid fibrous condensate. This condensate was collected by 
centrifugation (10000 g / 10 min) and washed repeatedly with buffer to extract as 
much salt as possible. This high salt sample preparation was found to make stable 
dendriplexes that do not show significant internal structure rearrangements over 
several months as discussed in the results section. 
Dendriplex samples used in SAXS experiments for the study of phase behavior as 
a function of pH and salt, were prepared as described in Chapter 5.2.2 using both the 
low and high salt methods. Unless otherwise stated all fibrous PAMAM−DNA 
samples were transferred to the desired buffered solution and allowed to equilibrate 2 
weeks before X-ray analysis.       
6.2.8 Small Angle X-ray Scattering  
Graded-multilayer focused CuKα radiation from a Nonius FR-591 rotating anode 
fine-focus X-ray generator operating at 45 kV and 20 mA was used for the 
small-angle X-ray scattering experiments. The primary beam was collimated using a 
fine rear aperture beam tunnel. Samples were sealed with a bath of equilibrating 
solution in the sample cell and then mounted into a sample holder at room 
temperature (25 ℃). The flight path between the sample and the detector was filled 
with helium to minimize background scattering. Diffraction patterns were recorded 
with a SMART 6000 CCD detector, with phosphor optimized for Cu Kα radiation. 
The images were analyzed with Fit2d and Origin 8.0 software. The distance from the 
  
93 
 
sample to detector, calibrated using silver behenate, was found to be ~23.2 cm. In the 
scattering, we can get the information about the Bragg spacing. Typical exposure 
times were of the order of 2 min. 
6.3 Results 
6.3.1 Complex Formation Detected by Agarose Gel Retardation Assay  
To assess the formation of dendrimer/DNA complexes, agarose gel 
electrophoresis of the complex was performed at different weight ratios (Figure 6.1).  
Weight ratios were chosen over the more preferred N/P charge ratio due to the 
varying N/P with degree of modification in the zPAMAM samples. All samples were 
made using 1 g plasmid DNA. The results showed that the pUC18 plasmid DNA 
was complexed fully, showing complete retardation, by 2.7 g PAMAM for all 
PAMAMs studied except the 100% modified zPAMAM. For unmodified PAMAM, 
2.7 g PAMAM is equivalent to an N/P charge ratio of 4. As anticipated, the fully 
anionic zPAMAM (100% modified) was unable to condense the negatively charged 
DNA. 
6.3.2 Stability of zPAMAM/DNA Complexes 
In order to assess the stability of the different dendriplexes studied, we used 
agarose gel electrophoresis to visualize DNA release from the PAMAM polyplexes 
after exposure to the the anionic polymer dextran sulfate (DS). All samples were 
made using 1 g plasmid DNA condensed by 4 g of unmodified or modified 
PAMAM. As discussed above, 2.7 g of PAMAM was observed to be sufficient for 
condensing all zPAMAM/DNA systems ranging from 0 to 40% modification. After 
incubating the dendriplexes for 10 min, varying amounts of dextran sulfate was added 
to each sample and allowed to incubate for another 20 min. The negatively charged 
DS competes for the PAMAM molecules against the DNA ultimately leading to 
plasmid release from the polyplexes if sufficient DS is added to the system. The 
results of this competition assay are shown in Figure 6.2. For all systems studied DS 
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induces DNA release. Stability was checked as a measure of the achieved by PAMAM: 
DNA weight ratios of 2.7 g: 1 g. For unmodified PAMAM this weight ratio is 
equivalent to an N/P charge ratio = 4. DNA released by agarose gel electrophoresis  
 
 
Figure 6.1 Agarose gel electrophoresis retardation of pUC18 plasmid DNA by 
zwitterionic PAMAM polyplexes. Shown are pDNA condensed by a: G4 PAMAM; b: 
15% modified G4 PAMAM; c: 24% modified G4 PAMAM; d: 40% PAMAM; e: 100% 
PAMAM. （The condensed DNA travels slower than free plasmid DNA, and fully 
condensed DNA trapped inside the wells.） 
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was compared to uncomplexed plasmid DNA. Higher percent modifications of the 
zPAMAM resulted in a decrease in the amount of DS required for complete DNA 
release. 
6.3.3 Effect of Percent Modification on Particle Size of zPAMAM Dendriplexes 
 Having shown that zPAMAM is capable of condensing DNA, we set out to 
examine how the colloidal properties of zPAMAM/DNA compare to unmodified G4 
PAMAM/DNA dendriplexes. For efficient nucleic acid delivery in vitro and in vivo, 
polyplexes are required to form small, compact nanoparticles (typically < 150 nm). In 
order to evaluate the colloidal properties of zPAMAM/DNA, we used DLS to 
determine the hydrodynamic radius of the zPAMAM/DNA complexes with 0 to 40% 
modification. Here, our nanoparticle system was not optimized to achieve the smallest 
possible particles. Instead, we are more interested in comparing zPAMAM/DNA to 
PAMAM/DNA at the same dendrimer to DNA ratio weight ratio. Weight ratios rather 
than charge ratios were used due to the variation in charge for the different modified 
zPAMAMs. For DLS, ~3.75 g of pUC18 was used per sample and condensed with 
10 g of PAMAM consistent with the 2.7:1 weight ratio shown be gel electrophoresis 
to be sufficient for complete DNA complexation for zPAMAM with 0 to 40% 
modification. Dendriplexes were incubated for 10 min at room temperature, brought 
up to a final volume of 500 μL with DI water and the particle size distributions and 
the hydrodynamic diameter (Dh) were measured by DLS. All samples gave rise to one 
population of nanoparticles with fairly small distributions in size. As shown in Table 
6.1, the sizes of the PAMAM dendriplexes showed no dependence on the percent 
modification for zPAMAM/DNA complexes. The sizes of all dendriplexes were ~173 
nm ± 17 nm. The independence of the physicochemical properties of zPAMAM 
dendriplexes on percent modification is of particular importance for potential future 
transfection experiments. Transfection is known to depend on particle size. Similar 
particle size for all zPAMAM/DNA formulations helps to reduce, although not 
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eliminate, potential confounding effects not directly related to the presence of 
zwitterionic charge in the zPAMAM. 
 
 
Figure 6.2 Stability of zwitterionic G4 PAMAM polyplexes to competition with 
anionic dextran sulfate (DS). Shown is pUC18 DNA complexed with (a) G4 PAMAM, 
(b) 24% modified G4 PAMAM and (c) 40% modified G4 PAMAM. Here all 
polyplexes were initially formed at Dendrimer: DNA weight ratios of 4 g/1 g then 
treated with increasing amounts of DS. Stability was checked as a measure of the 
DNA released by agarose gel electrophoresis compared to uncomplexed plasmid 
DNA. （The condensed DNA travels slower than free plasmid DNA, and fully 
condensed DNA trapped inside the wells.） 
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Table 6.1 DLS table of hydrodynamic diameter of dendrimer/DNA complexes vs 
zwitterionic modification percent 
 
 
 
 
 
 
 
6.3.4 Structural Studies of G4 PAMAM/DNA 
6.3.4.1 Stability of G4 PAMAM/DNA with Time 
Before examining the structure of zPAMAM/DNA, we needed to examine in 
detail the resulting structure of DNA complexed by unmodified G4 PAMAM. First 
we examined the packaging of DNA prepared using the low salt preparation method, 
i.e. DNA and PAMAM mixed in 10 mM Tris, pH 7.5. After preparation, the resulting 
fibrous samples with maintained in a bath of 10 M Tris and 0.1 M excess 
G4-PAMAM to prevent concerns of possible leeching of dendrimer into the bathing 
solution from the fibrous precipitate. A ~10 fold increase or decrease in the excess 
PAMAM concentration of the bath did not have an effect on the observed spacing 
between DNA helices in our samples. SAXS scattering profiles are given in Figure 
6.3 for G4 PAMAM/DNA assemblies measured 1 hour, 2 weeks and 6 months after 
mixing. Initially, two peaks are observed. With limited scattering, we cannot easily 
discern a lattice from these structures so we will instead focus on a discussion of the 
Bragg spacings which are independent of the specific DNA lattice. The low Q 
G4 modified percent (%) Hydrodynamic diameter, Dh (nm) 
0 169 ± 5 
15 178 ± 14 
24 173 ± 6 
40 171 ± 5 
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reflection, corresponding to a larger spacing between DNA helices is observed at 
Q~1.5 nm
-1 
corresponding to a 𝐷𝐵𝑟  ~ 42 Å. The higher Q reflection is seen at 
Q~2.1-2.2 nm
-1
 corresponding to a 𝐷𝐵𝑟 ~ 29 Å; more consistent with the Bragg 
spacings observed for the hexagonal packaging observed in G0/G1 PAMAM as well 
as linear polycation/DNA complexes. As a function of time, however, there is 
significant rearrangement within the G4 PAMAM/DNA samples suggesting these 
samples are not at equilibrium but are found to be kinetically trapped in 
non-equilibrium structures. Such rearrangements were not observed for the low 
generation PAMAM/DNA assemblies discussed in Chapters 4 and 5. At long times, 
the samples appear to shift primarily to the high Q state with shifts of >30% in the 
observed Bragg reflection. 
In an effort to overcome these non-equilibrium states, we also examined the 
stability of the G4 PAMAM/DNA assemblies prepared through a high salt preparation 
method. This high salt preparation was previously used by DeRouchey and found to 
help circumvent certain kinetic barriers in polyplex structures formed from DNA 
condensed by high molecular weight linear polycations.55 We hypothesize that the 
low salt preparation may trap precipitates in non-equilibrium states brought about by 
rapid interaction of the polycation and DNA. Once formed, equilibration in these 
precipitates occurs extremely slowly. We believe the high salt method allows for the 
polycation and DNA to more thoroughly mix before precipitation occurs thus 
circumventing these kinetic barriers. Scattering profiles for the high salt preparation 
are given in Figure 6.4 for G4 PAMAM/DNA. The stability of these particles was 
checked after six months and no internal spacing rearrangements (<1%) was observed 
suggesting a more kinetically stable state has been achieved. 
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Figure 6.3 Evolution of G4 PAMAM/DNA assembly structure with time made by the 
low salt preparation method. Scattering profiles shown are for N/P = 4 and pH 7.5 
recorded at various time intervals after dendriplex preparation 
 
6.3.4.2 Comparison of G4 PAMAM/DNA Condensed by High and Low Salt 
Preparations 
Figure 6.5 shows the X-ray scattering intensity profiles for G4-PAMAM 
polyplexes prepared by both high and low salt preparation methods measured 2 weeks 
after condensation. It is clear from the figure that the DNA packaging resulting from 
the high salt preparation (red line) corresponds to the same Bragg reflection observed 
at high Q in the low salt preparation method (black line). These results are also consist 
with Figure 6.3 which suggests at much longer time points (6 months), the low salt 
preparation samples are rearranging themselves preferentially to this same state. 
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Figure 6.4 The X-ray scattering profiles of DNA condensed by G4-PAMAM 
dendrimer by high salt preparation at different time points. The Bragg peaks stay at 
the same place during the equilibrated time for 6 months.  
 
Next, we examined if DNA complexes formed by low salt preparation could be 
converted to the more kinetically stable state by dissolving at high salt then 
re-precipitating. These results are shown in Figure 6.6. Scattering intensity profiles for 
G4 PAMAM/DNA assemblies formed by high and low salt are shown equilibrated 
after 2 weeks. After examination by SAXS, the low salt preparation sample was 
subsequently dissolved in 2 M NaCl and incubated for 30min. This salt concentration 
was sufficiently high as to screen the interactions of the PAMAM with DNA 
preventing precipitation. The dissolved sample was then re-precipitated by the 
addition of DI water to drop the overall salt concentration and allow the PAMAM to 
interact with DNA thus inducing condensation. The reformed sample was washed 
thoroughly to remove excess salt then allowed to equilibrate for a couple days in the 
standard pH buffer solution (10 mM Tris, pH7.5, 0.1 M G4). As shown in Figure 6.6, 
the reformed sample is identical to the sample made directly by the high salt 
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preparation. High and low salt preparations will also be used to examine resulting 
structures formed in zPAMAM/DNA assemblies.    
 
 
Figure 6.5 X-ray scattering intensity profiles for G4-PAMAM polyplexes after 2 
weeks. Under normal low salt preparation conditions, two peaks are observed in the 
PAMAM-DNA complexes indicating two different kinetically trapped phases are 
present. Using a high salt preparation, we are able to form only one phase which is 
kinetically stable.   
 
 
  
102 
 
 
Figure 6.6 The X-ray scattering profiles of reformed G4-PAMAM complexes by high 
salt preparation. We dissolved samples made by low salt preparation into 2 M NaCl 
solution, and then we can see that the Bragg peak of the reformed sample is the same 
as the Bragg peak of sample made by high salt preparation. And the position of the 
Bragg peak is at the higher Q value of the sample made by low salt preparation.  
 
6.3.4.3 Effect of Varying N/P Ratios on PAMAM/DNA Structure 
 Due to its potential as a gene delivery candidate, some previous X-ray studies of 
G4 and G6 PAMAM/DNA have been reported. In many cases, the sample preparation 
was different than the method used here and we note that the scattering observed by 
us is not the same as these published works. However, previous studies suggested that 
the DNA packaging was sensitive to the N/P ratio used to prepare the samples. In 
these works, dendriplexes were formed under low salt conditions. We examined G4 
PAMAM/DNA mixed at N/P = 1.5 to N/P = 6 condensed using both the low and high 
salt preparation methods. All samples therefore had an excess of PAMAM amines 
relative to the concentration of phosphates from the DNA. After forming the fibrous 
precipitates as previously described, all the samples were transferred to the same 10 
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mM Tris (pH 7.5), 10 M G4 PAMAM bath and equilibrated for 2 weeks. These 
results are given in Figure 6.7. 
Figure 6.7A shows the scattering profiles measured using the high salt preparation 
for PAMAM/DNA mixed at N/P 2, 4, and 6. Only one sharp peak is observed that 
does not show any significant shift in Q as a function of the N/P ratio. Similarly the 
low salt prepared PAMAM/DNA samples, shown in Figure 6.7B, also show no 
significant change in the peak positions as a function of the N/P ratio at mixing.   
6.3.4.4 pH Dependence on G4-PAMAM DNA Structure by High Salt 
Preparation 
It is known that PAMAM will carry different amounts of charges at different pH 
due to the pKa’s of the primary and tertiary amines inside the molecule.122,158 As 
discussed in Chapters 4 and 5, we used pH to examine the phase behavior in low 
generation PAMAM/DNA complexes. Previous structural studies on high generation 
PAMAM/DNA also reported changes in structure at different dp conditions where dp 
means the degree of protonation or the ratio between protonated amine groups and 
total amine groups.
36,37
 Under pH 7.5, it is thought that only the primary amines at the 
PAMAM structure are charged while the interior tertiary amines are uncharged 
resulting in a dp = 0.5. Here, we examined G4 PAMAM/DNA made by the high salt 
preparation as a function of the pH at mixing. For our samples, both DNA and 
PAMAM were dissolved in the apprpriate pH buffer. Buffers used include: 10 mM 
NaOAc for pH 4, 10 mM MES for pH 6, 10 mM Tris for pH 7.5 and pH 8. For all 
pHs, mixing at 2 M NaCl prevented interaction of the PAMAM with DNA due to 
charge screening. Condensation was induced by the addition of DI water to reduce the 
solution salt concentration and allow PAMAM to interact with DNA. Condensates 
were subsequently washed and equilibrated for two weeks in 10 mM pH buffer before 
being examined by SAXS. Figure 6.8 shows the scattering profiles and calculated 
Bragg sapcings of the G4-PAMAM/DNA complexes condensed at different pH. All 
the samples showed a single Bragg reflection that moved to smaller Q values with 
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Figure 6.7 Scattering profiles of DNA condensed by G4-PAMAM at different N/P 
ratios using (A) the high salt preparation and (B) the low salt preparation method 
described in methods. After condensation, all samples were equilibrated in the same 
bath solution [10 mM Tris, pH 7.5, 0.1  μM G4-PAMAM]. No significant shift in 
the peak position is observed as a function of the N/P ratio at mixing in either method.  
 
  
105 
 
 
Figure 6.8 High salt prepared G4-PAMAM/DNA complexes condensed at different 
pH. (A) Scattering profiles for PAMAM/DNA condensed at pH 4 to pH 8. (B) 
Calculated Bragg d spacing for the different pHs. Decreasing the pH is observed to 
decreasing the observed Bragg spacing.  
 
 
increasing pH. Due to the inverse relationship between reciprocal space (Q) and real 
space (D), this indicates tighter DNA packaging, smaller d spacings, occurred at the 
lowest pH. We do note that complexes condensed at pH 8 did show significantly 
broader scattering than the other pH values suggesting a structural transition may 
occur at higher pH .
158
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6.3.4.5 pH Dependence on G4-PAMAM DNA Structure by Low Salt Preparation 
We also examined the pH dependence of the PAMAM/DNA structure when 
prepared using the low salt preparation method. Samples were prepared in the same 
manner as in 4.2.4: stock solutions of both DNA and PAMAM were maintained at the 
desired pH, and then the solutions were allowed to mix in 10 mM of pH appropriate 
buffer to induce condensation. After precipitation, the fibrous condensate was then 
transferred to a fresh 10 mM pH appropriate buffer and equilibrated for 2 weeks 
before examination by SAXS Figure 6.9 shows the results of these experiments. In 
Figure 6.9A, we see that at pH 7.5 we observe the two distinct Bragg reflections 
discussed previously. pH 8 shows a single but significantly broader than normal peak 
that nearly lies on top of the pH 7.5 scattering profile. This may indicate that this 
sample is still showing the same two states but the definition between states was not 
resolved in this particular sample. Interestingly, at low pH (pH 6 and 4), the scattering 
profiles show only a single shark peak, suggesting uniform structure, which then 
continues to shift to higher Q with decreasing pH similar to the high salt preparation 
samples. Indeed, the calculated DBr peaks for these samples are the same comparable 
to those prepared by the high salt method at the same pH. This may suggest lowering 
the pH at condensation is another means to overcome these kinetically trapped 
non-equilibrium states observed at ambient pH. It does appear that lowering pH still 
does shift the DNA spacings somewhat as well.         
6.3.5 Structural Studies of zPAMAM/DNA 
6.3.5.1 Effect of Percent Modification on zPAMAM/DNA Structure 
In order to see the effect of zwitterionic dendrimers on dendriplex internal 
structure, we used SAXS to examine the internal structure of zPAMAM/DNA 
complexes with different degrees of modification of their surface groups. Due to the 
studies on G4 PAMAM/DNA discussed in Section 6.3.4, we chose to focus on 
zPAMAM/DNA prepared by the high salt preparation method resulting in more 
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equilibrium structures. Here all samples were prepared at pH 7.5 and equilibrated for 
2 weeks before analysis by SAXS. Figure 6.10 shows the resulting scattering profiles 
for zPAMAM/DNA prepared by high salt method with surface group modification 
ranging from 0 to 40%. While unmodified PAMAM/DNA made at high salt resulted 
in a well defined single Bragg reflection, increasing the zwitterionic nature of the 
PAMAM appeared to induce a phase transiton to a two state system again. While it is 
hard to discern the exact nature of this phase transition it is clear that increased 
modification of the PAMAM primary surface amines resulted in a significant shift to 
lower Q; or equivalently larger spacings between the DNA helices. Figure 6.10B  
gives approximate Bragg spacings for the dominant peak. While not conclusive, it 
would appear that 15% modification resulted in a shift of the primary Bragg reflection 
to smaller Q but also the appearance of a smaller peak at even lower Q. By 24% 
modification, only a single broad peak is resolved but the width of which may suggest 
this is an approximate 50/50 distribution of these two reflections observed at 15%.  
By 40%, two structures are again resolved but this time with the low Q peak 
apparently dominate within the structure. The position of this peak also suggests a 
further shift to larger DNA-DNA spacings with increasing percent modification.  
While the exact structure is not evident, it is clear that as predicted the incorporation 
of negative charges into a zwitterionic PAMAM molecule does allow for the tuning of 
the dendrimer-DNA interactions. As hypothesized, more negative character results in 
less tight packaging. 
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Figure 6.9 Low salt prepared G4-PAMAM/DNA complexes condensed at different 
pH. (A) Scattering profiles for PAMAM/DNA condensed at pH 4 to pH 8. (B) 
Calculated Bragg d spacing for the different pHs. Decreasing the pH is observed to 
decreasing the observed Bragg spacing as well as potentially overcome the kinetically 
trapped state observed at pH 7.5.  
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6.3.5.2 Comparison of zPAMAM/DNA to PAMAM/DNA Made by High and Low 
Salt Preparations 
All the zPAMAMs complexes discussed in 6.3.5.1 were prepared by the high salt 
method only. The resulting scattering peaks were significantly broader than observed 
for unmodified PAMAM/DNA. Comparing the scattering profiles for the different 
zPAMAM complexes, made only by the high salt method, to unmodified 
PAMAM/DNA made by both high and low salt preparations is instructive. This 
comparison is shown in Figure 6.11. Unmodified PAMAM (0%) made by the high 
salt preparation is shown in black and by low salt preparation by the pink line. The 
zPAMAM/DNA scattering profiles overlay these two curves well. It appears that with 
increasing percent modification, or increasing zwitterionic character, induces a phase 
transition between the two phases observed in PAMAM/DNA. Higher percent 
modification, even under high salt preparation, appears to transform the zPAMAM 
DNA complex internal structure from the kinetically stable phase observed in 
unmodified PAMAM dendriplexes made at high salt to the same phase observed to be 
kinetically unstable for PAMAM/DNA made at low salt. Comparing 40% modified 
zPAMAM, to low salt prepared PAMAM/DNA, the highly modified zPAMAM 
appears to show the same two phases but with an even higher ratio of low Q (Q ~ 1.7 
nm
-1
) compared to the higher Q phase (Q ~ 2.1 nm
-1
). 
Next, we examined zPAMAM/DNA complexation when condensed under low 
salt conditions. Figure 6.11 shows the scattering profiles of zPAMAM/DNA 
complexes. Surprisingly, here there is no observed change in the Bragg reflection for 
0, 15 and 24% modification. The resolution is low but we believe all three of these 
samples are showing two Bragg reflections with structures comparable to the low salt 
prepared unmodified PAMAM/DNA sample. 40% modified zPAMAM/DNA did 
form a precipitate however there was no observed Bragg scattering peak in the Q 
range available to us on our instrument. This may suggest a Bragg spacing too large 
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for us to resolve in house. Such scattering might be observed on a true SAXS 
instrument, where the sample to detector distance is ~1 meter.   
  
 
Figure 6.10 High salt prepared zPAMAM/DNA complexes as a function of the 
percent modification of the G4 PAMAM surface (A) Scattering profiles for 
PAMAM/DNA condensed at pH 7.5 after two weeks equilibration. (B) Calculated 
Bragg spacing. Packaging within the zPAMAM/DNA scales with the percent 
zwitterionic nature of the dendrimer. 
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Figure 6.11 Scattering profiles of zPAMAM/DNA condensed using the high salt 
method compared to unmodified G4 PAMAM/DNA complexes formed by low (pink 
line) and high salt preparation (black line).   
 
6.3.5.3 Stability of zPAMAM/DNA with Time 
 Next, we examined the evolution of zPAMAM/DNA assembly structure with 
time for both high and low salt preparations. These results are shown in Figure 6.12 
for DNA condensed by 15 and 24% modified zPAMAM. Similar to PAMAM/DNA, 
the low salt preparation shows clear rearrangements with time over the scale of 
months. The high salt preparation does not appear to undergo significant 
rearrangements though some rearrangement may be happening for the higher 24% 
modified zPAMAM sample. 
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Figure 6.12 Scattering profiles of z-PAMAM/DNA complexes made by low salt 
preparation. All samples appear to show two Bragg reflections that do not shift peak 
positon significantly for percent modifications between 0 and 24%. 40% modified 
zPAMAM/DNA did form a precipitate but no scattering peak was observed in the Q 
range of our in house SAXS instrument.   
 
6.3.6 Phase Behavior of PAMAM/DNA and zPAMAM/DNA as a Function of 
Added Salt Concentration 
6.3.6.1 Salt Effects on DNA Condensed by G4 PAMAM 
We hypothesized that the incorporation of carbonyls into the cationic PAMAM 
will result in a tuning of polymer-DNA interactions.  We have shown this is the case 
for zPAMAM/DNA where changing the percent modification has been shown to alter 
the condensation and decondensation as well as the resulting internal structure. From 
our previous studies, we know that with addition of NaCl, the packaging and phase 
behavior of low generation PAMAM/DNA is greatly perturbed. We hypothesize that 
the incorporation of negative moieties into the PAMAM will affect the sensitivity of 
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zPAMAM to salt. Before examining the phase behavior of zPAMAM/DNA, we must 
first look at unmodified G4 PAMAM/DNA. 
For these studies, all PAMAM/DNA samples were prepared by either the high or 
low salt method then equilibrated in 10 mM Tris (pH 7.5), 0.1μM G4 PAMAM 
solution for two weeks. Following equilibration, these samples were transferred to the 
desired NaCl salt/10 mM Tris buffer solution and equilibrated for another 3 days 
before examination by SAXS. Figure 6.13 shows the 𝐷𝐵𝑟 of G4-PAMAM/DNA as a 
function of added NaCl concentration. Here we show both low and high salt 
preparation are shown. For the low salt PAMAM/DNA samples, two Bragg 
reflections are observed and both peaks are plotted. With increasing salt concentration, 
the observed Bragg spacings increase. As shown in Figure 6.12, the higher Q (or 
lower D) peak in the low salt preparation samples matches the high salt preparation 
samples at all salt concentrations suggesting they are the same structure; most likely 
hexagonal packaging. 𝐷𝐵𝑟  increases with increasing added NaCl concentration.  
For the low salt preparation, the low Q phase reaches to ~45 Å before the peak is lost 
at 450 mM NaCl. For both preparations, the higher Q phase maintains structure to 
higher added salt concentrations resulting in a ~42.2 Å Bragg spacing observed at 
600 mM NaCl before scattering is lost at 650 mM.  
6.3.6.2 Salt Effects on DNA Condensed by zPAMAM 
 We next examined the effect of zPAMAM on the salt sensitivities of the resulting 
dendriplexes. zPAMAM/DNA was prepared using the high salt preparation followed 
by equilibration in 10mM Tris, pH7.5, 0.1μM G4-PAMAM for two weeks. After 
equilibration, samples were moved to the appropriate salt: buffer solution for three 
days before SAXS measurements. Figure 6.14 and Figure 6.15 shows the salt 
sensitivities of zPAMAM dendriplexes compared to unmodified PAMAM/DNA. In 
Figure 6.15 A, we plot the Bragg spacing as a function of added salt concentration.  
Surprisingly, 15 and 24% modified samples look nearly identical to the high Q peak 
of unmodified PAMAM/DNA. These similar phases do not appear to have a rate of 
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swelling that varies significantly with the percent zwitterionic nature of the 
zPAMAM.   
 
 
Figure 6.13 Time evolution of X-ray scattering profiles of zPAMAM/DNA 
complexes. (A) and (B) show zPAMAM/DNA prepared by the low salt method at 15% 
and 24% modification; respectively. (C) and (D) show zPAMAM/DNA prepared by 
the high salt method at 15% and 24% modification; respectively. zPAMAM 
dendriplexes prepared by low salt show significant rearrangement with time.  
zPAMAM/DNA made by high salt do not show rearrangement with time.   
 
  
 
 
 
A B 
C D 
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Figure 6.14 Bragg spacings for G4 PAMAM/DNA as a function of increasing added 
NaCl concentration.  
 
40% modified zPAMAM, is nearly identical to the low Q phase seen in 
unmodified PAMAM/DNA and swells in a very similar manner to low salt prepared 
PAMAM/DNA. These peaks are plotted in Figure 6.13 but removed here for clarity. 
As there are some variations in the equilibrium spacing (𝐷𝐵𝑟,𝑒𝑞), in 6.13B we plot the 
relative change in Bragg spacing as well. Again the percent zwitterionic nature does 
not play a significant role in the amount of observed swelling however while G4 
PAMAM/DNA swells approximately 12 Å from equilibrium, the zPAMAM all swell 
approximately 6 Å before dissolution. Also the higher percent modified zPAMAM 
systems do appear to completely fall apart at a lower added salt concentration. Lastly, 
this data was normalized in Figure 6.15 to show the relative change in the Bragg 
spacings with added salt concentration.   
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Figure 6.15 Salt effects on z-PAMAM/DNA complexes. Figure A shows the 𝐷𝐵𝑟 
values of z-PAMAM/DNA as a function of increasing NaCl concentration. Figure B 
shows the change in Bragg spacing, 𝐷𝐵𝑟 − 𝐷𝐵𝑟,𝑒𝑞, for each zPAMAM/DNA system 
as a function of added salt concentration.  
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Figure 6.16 The relative changes of 𝐷𝐵𝑟 for different z-PAMAM complexes as a 
function of NaCl concentration. With the NaCl concentration increasing, the relative 
change of 𝐷𝐵𝑟 increases for all complexes. The interesting thing here is that the 
slopes of the change are almost the same for all the complexes as a function of NaCl 
concentration.  
 
6.4 Discussion 
 Dendrimers, such as PAMAM, have been widely studied for their ability to 
delivery drugs and genes into cells due to their well-defined structures, molecular 
weights and surface properties.
159-172
 As with most polycations, PAMAM 
development has been hindered in vivo due to both their formation of highly charged 
nanoparticles that can interact unspecifically with blood components, proteins, or 
non-target cells, as well as, their inherent cellular toxicity in the free, unbound state.  
For example, studies have shown high generation PAMAM can break cell membranes 
when they penetrate into cells
15
 and even induce apoptosis in cells.
173
 We proposed to 
use zwitterionic macromolecules (zPAMAM) to simultaneously tune polymer-DNA 
interactions, to optimize DNA condensation and release, as well as reduce 
cytotoxicity. In collaboration, with the laboratory of Dr. Vincent Rotello (UMass), a 
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series of zPAMAM polymers were synthesized from commercially available G4 
PAMAM with varying degrees of modification of the surface primary amines to 
carboxylic acid groups. The purpose of this work was to assess zPAMAM’s ability to 
condense and release DNA as well as determine the resulting internal structure and 
compare it to unmodified G4 PAMAM/DNA assemblies. 
  Using gel electrophoresis, we first established that unmodified G4 PAMAM and 
zPAMAM were capable of fully condensing plasmid DNA (Figure 6.1). Only 100% 
modification of PAMAM was unable to condense DNA at any weight ratio of 
dendrimer:DNA. Increasing the percent zwitterionic nature of the PAMAM reduced 
the overall charge and so more material was required to fully condense DNA with 
zPAMAM. Similarly gel electrophoresis allowed us to ascertain that the stability of 
these complexes, and their ability to release DNA from the dendriplex, was dependent 
on the percent modification of the PAMAM molecules (Figure 6.2). Higher percent 
modified zPAMAM, released DNA fully at lower competitor (dextran sulfate, DS) to 
DNA ratios. This is presumably due to the reduced overall charge on the zPAMAM 
allowing DS to more effective compete for binding to the DNA against zPAMAM. 
Lastly, we also used DLS to measure the colloidal properties of zPAMAM: pUC18 
complexes. Surprisingly, the hydrodynamic radii, Dh, for zPAMAM:DNA were 
observed to be independent of the percent modification and nearly identical to the Dh 
for PAMAM:DNA (Table 6.1).    
 We next turned our attention to the internal structures of the PAMAM/DNA and 
zPAMAM/DNA systems. Our focus was to examine the effect of the percent 
zwitterionic nature of the polycation on the DNA packaging within the dendriplexes.  
For this work, we used high MW linear DNA (chicken blood). Previously, we have 
observed little to no difference in the DNA spacings resulting from polyplexes using 
linear DNA or plasmid DNA. Before examining zPAMAM/DNA, we began by 
examining the structure of G4 PAMAM/DNA. Condensation of CB DNA with G4 
PAMAM in typical “low salt” conditions resulted in the observation of two different 
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phases characterized by two different Bragg reflections at Q ~ 1.58 𝑛𝑚−1  and 
2.10 𝑛𝑚−1. Time evolution of these structures showed that the low Q phase was 
non-equilibrium state that changed at the time scale of months. We show that using a 
high salt preparation method allows us to circumvent this non-equilibrium state 
resulting in a one-phase system characterized only by the high Q peak (Q~2.10𝑛𝑚−1) 
as shown in Figures 6.4 and 6.5.  
Previous work with dendrimer: DNA have proposed many potential structrues 
including hexagonal, square planar, and bead on a string structures based on the idea 
that the high generation dendrimers act as hard spheres, similar to histones, resulting 
in DNA wrapping around them. Comparing our work on fibrous dendrimer: DNA 
samples to previously published SAXS studies of G4 PAMAM: DNA complexes in 
solution, we see our samples do not agree with previous published results. For 
example, many studies claim a change in the internal structure as a function of the 
N/P ratio in PAMAM: DNA that we did not observe (Figure 6.7). We do however see 
the pH at condensation is capable of inducing internal structure change (Figure 6.8).   
One limitation for more precise structure determination is our in house X-ray 
instrument has a much smaller sample to detector distance than tradition SAXS thus 
limiting our accessible Q range. Q less than ~1.3 nm
-1 
cannot be easily resolved 
equivalent to DBr spacings larger than ~50 Å. For most work on condensed DNA 
phases such large spacings do not exist. Some previous reports on dendrimer:DNA 
complexes, with larger generation number, however have shown Bragg reflections 
correspding to spacings larger than 50 Å.   
One of the most comparable studies to our work was done by Shu-Fen Peng et 
al.
174
 The reported a series of scattering profiles G4 PAMAM: DNA at a degree of 
protonation (dp) of 0.5-0.6 as shown in Figure 6.16. This dp is comparable to our near 
netural pH work (pH 7.5) where only the primary amines on the surface are 
protonated representing approximately half of the total amines in the PAMAM 
molecule (the other half being non-protonated tertiary amines inside the dendrimer 
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cavities). As a function of dp and N/P ratio Peng and coworkers have proposed a 
transition from bead on a string (BOS) structures to hexagonal packaging. Some of 
these peaks are similar in Q to what we observe in our fibrous DNA samples but do 
not exactly match. Also, comparison of comparable dp smaples, our scattering 
profiles look quite different and show no dependence on N/P ratio as they have 
suggested. Our data is consistent with the concept of a phase transition occurring 
between a low Q (large D structure) and a high Q (small D) structure within the 
PAMAM and zPAMAM dendriplexes. Our work shows a number of ways to 
transition between these structures including the percent zwitterionic nature of the 
PAMAM which even under high salt conditions appears to shift the internal structure 
from the kinetically stable, more tightly packed state (presumably hexagonal) to a 
structure nearly identical to the more open, non-equilibrium state observed in G4 
PAMAM dendriplexes condensed at low salt. Futher studies including synchrotron 
X-ray scattering and small angle neutron scattering (SANS) are needed to better 
characterize the exact structures existing in zPAMAM: DNA.  
Finally, we examined the phase behavior of PAMAM: DNA and zPAMAM:DNA 
to added NaCl concentration. We had hypothesized that the incorporation of 
zwitterionic nature into PAMAM would result in a destabilization of the dendriplexes 
which was consistent with the competition studies using dextran sulfate to induce 
DNA release. We anticipated that this would also mean that zPAMAM would be 
more sensitive to the presence of added salt and the resulting phase behavior would 
also be dependent on the percent modification of the polymer. However, our salt 
studies are not consistent with this. We focused on zPAMAM: DNA condensed using 
the high salt method. Instead 15% and 24% zPAMAM looks nearly identical to 
unmodified G4 PAMAM as a function of added salt. 40% zPAMAM is nearly 
identical to the non-equilibrium, low q phase observed in PAMAM: DNA condensed 
at low salt. Looking at the relative changes (Figure 6.15), they also have similar 
slopes to G4 PAMAM: DNA suggesting the zwitterionic response to salt is similar to 
the purely cationic dendrimer. The only observed difference is the percent 
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modification does lead to the dendriplexes falling apart at lower added salt 
concentrations when compared to unmodified PAMAM. So the internal structures are 
similar but the zwitterionic nature does lead to destabilization of the PAMAM: DNA 
interactions. 40% zPAMAM especially is only stable to ~300 mM added salt 
approximately ½ the salt stability of unmodified PAMAM: DNA.    
 
 
Figure 6.15 The SAXS profiles of dendriplexes as dp=0.5 at different N/P ratios. 
(Reprint from reference: Yang, Cheng-Che et al. Macromolecules 2014 47 page: 
3123) 
  
6.5 Conclusions  
In this chapter, we have discussed a detailed study of the colloidal and structural 
studies of DNA complexes made with G4 PAMAM and zwitterionically modified G4 
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PAMAM (zPAMAM). We show that the percent modification can tune the dendrimer: 
DNA interactions systematically resulting in more zPAMAM required to fully 
condense DNA. As well, the addition of surface carboxylic acids, results in 
dendriplexes which fall apart more rapidly in the presence of a competitor.  
Promisingly for potential in vivo applications, the colloidal properties of the PAMAM: 
DNA and zPAMAM: DNA are nearly identical. 
The internal packaging of the PAMAM and zPAMAM dendriplexes are complex 
and consistent primarily with two possible phases being observed dependent on the 
system conditions. A high Q phase with tight DNA packaging that is kinetically stable 
is observed. The DNA-DNA spacings are comparable to many hexagonally packaged 
DNA condensed by linear cations (𝐷𝐵𝑟~30 Å). Under some conditions, a low Q phase 
consistent with a much more open packaging (𝐷𝐵𝑟~42 Å) is also observed. We show 
a number of means to tune the packaging between these phases including different 
condensation preparation methods and pH. Interestingly, the zPAMAM appears to 
favor the tighter packaging form for low percent modification but shifts to the more 
open structure at high percent modification. The resulting phase behavior of these 
complexes at a given salt concentration do not show a significant dependence on 
percent modification, however, large substitution of the primary surface amines of 
PAMAM to carboxylic acids does result in the zPAMAM complexes dissolving at 
lower total salt concentration.     
  
 
 
 
 
Copyright © Min An 
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Chapter 7 Summary and Future Perspective 
 Dendrimers are synthetic macromolecules with highly branched and symmetric 
architecture. Their specific properties including their molecular chain architecture, 
monodisperse molecular weight, tunable shape and high number of functional surface 
groups has made dendrimers appealing for potential use in a wide array of application 
in the biomedical and therapeutic fields. Cationic dendrimers, such as 
polyamidoamine (PAMAM), have been investigated for their potential as gene 
delivery vectors due to their ability to condense DNA and protect it from nuclease 
enzymes.   
Almost any cation of charge +3 and higher can induce DNA compaction. The 
physical mechanisms responsible for DNA condensation are still not fully understood.  
While electrostatics are known to be involved, a mean-field theory does not explain 
the observed attractions in DNA condensation. To account for the attractions driving 
DNA condensation that are experimentally observed, more recent theoretical 
treatments require a correlation of charges or water structuring between apposing 
DNA helices. A convenient model for discussing correlations is the electrostatic 
zipper model which postulates that cationic charges bind in the grooves of DNA 
leading to attractive interhelical correlations between the bound positive charges and 
the apposing helices. Experimental studies have suggested such groove binding is 
present in a variety of linear polycations; although there is some disagreement 
between which grooves the cations sit. Hyperbranched polycations, such as 
polycationic dendrimers, presumably would not be able to bind to DNA and correlate 
their charges in the same manner as linear cations.    
In Chapter 4, using osmotic stress combined with SAXS, we have examined the 
DNA–DNA intermolecular forces in low generation (G0/G1) PAMAM dendrimer 
condensed DNA assemblies. These PAMAM/DNA assemblies were compared to 
comparably charge (+4/+8) linear arginine peptides and we display significantly 
different physical behavior than linear cation–DNA assemblies. In homologous linear 
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cation systems, DNA-DNA repulsions are independent of length and the attractions 
scale inversely with the charge. For PAMAM, however, we see that the attractions are 
increase with generation number and the attractions only slightly increase in going 
from +4 to +8. Combined, these forces result in tighter binding for linear cations with 
increased charge but more loose binding in the dendrimer systems. 
 In Chapter 5, we examine the role of pH on G0/G1 PAMAM/DNA assemblies.  
The primary amines at the surface of PAMA only accounts for some of the total 
amines in the molecule. In the interior of the dendrimer, there are a number of 
secondary and tertiary amines with unique pKa’s. Therefore, altering the pH changes 
the total net charge of the PAMAM. Focusing on the effect of pH on the forces, we 
show that for a given dendriplex system, despite starting at very different interaxial 
spacings at equilibrium, both G0- and G1-PAMAM condensed DNA converge to the 
same high pressure limit for all pHs studied. By separating and quantifying the 
attractive and repulsive free energy contributions, we show that repulsions for a given 
PAMAM generation are nearly unaffected by pH while the observed attractions scale 
approximately linearly with the inverse of the dendrimer charge. This is comparable 
to the charge dependence of the attractive force in homologous linear cations. 
Changes in the pH at condensation also greatly influence the resulting phase behavior 
for G0/G1 PAMAM dendriplexes. Together, our results suggest that pH and salt play 
a central role in tuning the intermolecular forces and packaging within the 
PAMAM/DNA condensed phase. 
In chapter 6, we changed our focus to addressing potential applications of 
PAMAM for gene delivery. Gene delivery polymers must be designed to perform 
numerous functions. In particular, the materials must bind and condense DNA to 
protect it from extra- and intracellular nucleases and to facilitate cellular 
internalization. Yet, such materials must also release their DNA cargo to allow 
transcription. In addition excess free polycation is essential to forming sufficiently 
small stable nanoparticles for cellular uptake yet the presence of free polycation itself 
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has toxic effects on the cells. With this in mind, we proposed the synthesis of 
zwitterionic PAMAM (zPAMAM) to potential create dendriplexes with tunable 
dendrimer-DNA interactions to control compaction and release. In addition, 
zPAMAM is anticipated to have reduced cellular toxicities. Our focus here is to 
examine the condensation and release of zPAMAM and compare the DNA packaging 
that occurs in zPAMAM compared to condensation by unmodified PAMAM. It is 
known that middle to high generation PAMAM is required for efficient nucleic acid 
transport, so we focused on G4 PAMAM either unmodified or modified with succinic 
anhydride to replace some of the primary surface amines with carboxyl moieties.  
We show that zPAMAM as high as 40% modified has no problem fully condensing 
DNA and that DNA release is dependent on the percent modification of the polymer.  
DLS studies show the zPAMAM can form comparably sized DNA nanoparticles to 
the unmodified PAMAM at the same weight ratio.   
The internal structures of the G4 PAMAM/DNA assemblies is complex but 
mostly shows the presence of two different structures represented by a low and high Q 
Bragg reflection as described in Chapter 6. While our scattering studies do not allow 
for exact lattice determination, we see that the low Q, or more loosely packaged DNA 
phase, is similar to previously reported bead on a string (BOS) or possibly square 
columnar phases.  The higher Q, more tightly packaged phase is comparable in 
DNA-DNA spacings to suggest hexagonal packaging of the DNA helices. We show 
using sample preparation methods and pH that the ratio of these two phases can be 
tuned. In addition, the presence of negatively charged moieties in the zPAMAM 
appears to shift the DNA packaging from the hexagonal phase to a structure like BOS. 
zPAMAM also affects the resulting salt sensitivities of the dendriplexes principly by 
changing the critical salt concentration required for dissolution.  
Although we have shown some studies in the structures of these zPAMAM/DNA 
complexes by SAXS, there are still some questions remain to be solved. The limited 
Q range and intensity do not allow for a more detailed understanding of the exact 
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lattice for G4-PAMAM/DNA and zPAMAM/DNA complexes. Previously published 
studies have reported different phases and scattering profiles, which differ from each 
other as well as from our own studies. Future work using synchrotron SAXS or 
small-angle neutron scattering (SANS) could shed more light on the exact nature of 
these phases. In X-ray work the scattering is almost exclusively dominated by the 
DNA due to the electron density in the phosphates. SANS may allow for the 
visualization of both the DNA and the dendrimers inside the complex through phase 
contract matching using D2O or H2O/D2O mixtures. Such approaches have been done 
for DNA-protein complexes and dendrimers would presumably have scattering 
densities comparable to protein. A drawback to SANS is the need for significantly 
larger sample volumes for sufficient scattering counts. 
As discussed in the introduction of Chapter 6, we hypothesized that zPAMAM 
may have promise as a new type of gene delivery system due to its potential to 
simultaneously modulate dendrimer-DNA interactions as well as decrease inherent 
cytotoxicity of the polycation. Future work should focus on the examination of 
zPAMAM as a nucleic acid delivery system. Preliminary results have already 
suggested that zPAMAM does indeed show a significant reduction in the cell 
cytotoxicity compared to unmodified PAMAM (data not shown), but the actual 
transfection efficiency or DNA uptake from zPAMAM dendriplexes is unknown and 
should be optimized and studied. One of the advantages of the dendrimers is its high 
number of surface groups and ease in changing the molecular chemistry. It would be 
straight forward to examine how changing the chemistry of the anion would affect the 
zPAMAMs ability to condense DNA. Structural studies and cell studies could be 
performed to assess how variations in the chemistry of the anionic moieties affect 
structure as well as cell toxicity and transfection efficacy. Some studies have shown 
that PAMAM condensed DNA is time-limited in its ability to protect DNA from 
nuclease digestion.
14,175-179
 Presumably the more loosely packaging resulting in 
zPAMAM will also affect the ability of zPAMAM to protect its cargo. It will be 
important for applications of zPAMAM for gene uptake by cells, to examine the 
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ability of zPAMAM to protect nucleic acids from nuclease attack and its time course. 
Lastly, the zwitterionic approach could easily be adapted for other commercial 
transfection systems such as polyethyleneime (PEI) to form zPEI. Structural studies in 
conjunction with cell transfection for zPEI/DNA could be very instructive for 
determining structure-function activities in polyplexes. zPEI may not suffer from 
some of the non-equilibrium states observed in the high generation PAMAM studies 
described here. 
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